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ABSTRACT: 
MECHANISTIC STUDIES ON THE THERMAL CYCLODEHYDROGENATIONS OF 
POLYCYCLIC AROMATIC HYDROCARBONS 
 
by 
Xiang Xue 
 
Dissertation Advisor 
Professor Lawrence T. Scott 
 
Thermal cyclodehydrogenation is the key step in the total synthesis of fullerene 
C60 and represents an important family of carbon-carbon bond-forming reactions. My 
research focuses on understanding the mechanism of C-C bond formation in the high 
temperature cyclodehydrogenations of PAHs using appropriate test cases to form 5- or 
6-membered rings. My goal was to understand more about molecular reactions under 
extreme conditions and thereby realize new synthetic pathways for new molecules. This 
dissertation describes the synthesis of several substrates and studies of their thermal 
cyclodehydrogenations.  
Chapter 1 presents the cyclodehydrogenations of [5]helicene and 
benzo[5]helicene to form 6-membered rings under flash vacuum pyrolysis (FVP) 
conditions. An observed rate difference established that an electrocyclic mechanism is 
favored in this case and disproved the radical cyclization and 1,2-hydrogen shift/carbene 
insertion mechanisms. 
Chapter 2 describes the cyclodehydrogenations of phenyl-substituted 
phenanthrenes to form 6-membered rings under FVP conditions. The radical mechanism 
is ruled out because of the rate difference. 
Chapter 3 shows the synthesis of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene 
and its thermal cyclodehydrogenation to form 6-membered rings under FVP conditions.  
In chapter 4, the cyclodehydrogenations of phenyl-substituted anthracenes and 
phenanthrenes to form 5-membered rings under FVP conditions are presented. The 
unexpected dominance of phenyl loss suggests that radical mechanisms are occurring 
during the cyclodehydrogenations. 
Chapter 5 describes the cyclodehydrogenations of [4]helicene and 
benzo[4]helicene to form 5-membered rings under FVP conditions. The results point to a 
carbene cyclization mechanism, in competition with the radical mechanism.  
  
This thesis is dedicated to my parents: Mrs. Renmei Gu and Mr. Zhengping Xue, who 
support me in pursuing my Ph.D. and completing my dissertation.  
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    Polycyclic aromatic hydrocarbons (PAHs) are organic compounds that consist of 
fused aromatic rings without any heteroatoms or substituents.1 Many PAHs are formed 
from incomplete combustion of fuel, such as oil, coal, wood, and diesel, and other 
organic materials, such as fat, tobacco, or incense by processes involving aryl radical 
intermediates.2 These compounds are also found in the interstellar medium, in comets, 
and in meteorites. They are candidates to act as a basis for the earliest forms of life.3 
    In 1825, Faraday found the first monocyclic aromatic hydrocarbon: benzene.4 Since 
then, PAHs have been fully explored and have become an important family in chemistry. 
Many studies on the metabolism and bioactivities of PAHs have been reported,5 and 
some of these compounds have carcinogenic, mutagenic and teratogenic properties.6 
Because of their unique polycyclic aromatic π–systems, they are well known to possess 
photo-physical properties, such as anomalous fluorescence and high electron affinities.7  
 
1 Fetzer, J. C. . The Chemistry and Analysis of the Large Polycyclic Aromatic Hydrocarbons. New York: Wiley, 2000. 
2 (a) Badger, G. M.; Spotswood, T. M. J. Chem. Soc. 1960, 4420 (b) Badger, G. M.; Kimber, R. W. L. J. Chem. Soc. 1961, 3407 .(c) 
Sarofim, A. F.; Longwell, J. P.; Wornat, M. J.; Mukherjee, J. The Role of Biaryl Reactions in the PAH and Soot Formation; Springer 
Series Chemical Physics; Springer-Verlag: New York, 1994; Vol. 59, p 485. Wornat, M. J.; Lafleur, A. L.; Sarofim, A. F. Polycyclic 
Aromat.Compds. 1993, 3, 149. (d) Harvey, R. G. Polycyclic Aromatic Hydrocarbons, Wiley-VCH, Inc; New York, 1997. 
3 Battersby, S. Jan. 11, 2004, http://www.newscientist.com/news/news.jsp?id=ns99994552. 
4 Newell, L.C. J. Chem. Ed. 1926, 3, 1248. 
5  Rice, J. E.; Bedenko, V.; LaVoie, E.J.; Hoffmann, D. Polynuclear Aromatic Hydrocarbons: Formation, Metabolism, and 
Measurement; Cooke, M.; Dennis, A. J.; Eds.; Battelle Press: Columbus, OH, 1983.   
6 (a) Harvey, R. G. Polycyclic Aromatic Hydrocarbons WileyBlackwell 1997. (b) Luch, A. The Carcinogenic Effects of Polycyclic 
Aromatic Hydrocarbons. London: Imperial College Press, 2005. 
7 (a) Gooijer, C.; Kozin, I.; Velthorst, N. H.; Sarobe, M.; Jenneskens, L. W.; Vlietstra, E. J. Spectrochim. Acta, Part A 1998, 54, 1443 
and references therein. (b) Necula, A. Ph.D. Thesis, Boston College, Chestnut Hill, MA, 1996. 
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Recently, geodesic polyarenes known as bowl-shaped PAHs, fullerene fragments 
and buckybowls8 have attracted attention and have become a fascinating family of PAHs. 
The synthetic methods used to make PAHs have been crucial to the research of their 
properties. Richard Lawton reported the first synthesis (16 steps) of corannulene (1), the 
first known geodesic polyarene in 1966.9  Nineteen years later, Smally et al. discovered 
the first closed geodesic polyarene, buckminsterfullerene (2), C60. 10  Although the 
fullerene field has continued to develop over the last two decades,11 the organic synthesis 
of fullerene-type PAHs is still a challenge in chemistry.   
 
                    
 
Our group succeeded in a synthesis of 1 using flash vacuum pyrolysis (FVP).12 The 
precursor tetrabromide (3) was prepared in four steps from commercially available 
starting materials (Scheme 1). FVP of 3 gave 1 with high purity. Subsequent 
                                                        
8 Tsefrikas, V. M.; Scott, L.T. Chem. Rev. 2006, 106, 4868 and references therein. 
9 (a) Barth, W. E.; Lawton, R. G. J. Am. Chem. Soc. 1966, 88, 380. (b) Lawton, R. G.; Barth, W. E. J. Am. Chem. Soc. 1971, 93, 1730. 
10 Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smally, R. E. Nature, 1985, 318, 162. 
11 Hirsch, A.; Brettreich, M. Fullerenes; Wiley-VCH: New York, NY, 2005. 
12 Scott, L. T.; Hashemi, M. M.; Bratcher, M. S. J. Am. Chem. Soc. 1992, 114, 1920. 
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modifications of the route have made 1 available in three steps on a gram scale.13 
 
Scheme 1 
 
 
FVP involves gas phase thermolysis at high vacuum, high temperature and short 
contact time.14  This method introduces a large amount of energy into the organic 
molecules, making it an effective synthetic tool in the chemical synthesis of PAHs, 
especially geodesic polyarenes. After a decade of continuous research in this area, our 
laboratory reported the first chemical synthesis of 2 in 2002.15 The key step of the 
12-step synthesis is the stitching up of PAH derivative C60H27Cl3 (4) to 2 by FVP 
(Scheme 2).  The ring closing cascade proceeds by homolysis of a C-Cl bond, 
1,2-hydrogen shifts of the resulting aryl radical,16 then cyclization and rearomatization by 
losing a hydrogen atom to form a new C-C bond. This sequence occurs two more times. 
                                                        
13 Scott, L. T.; Cheng, P.-C.; Hashemi, M. M.; Bratcher, M. S.; Meyer, D. T.; Warren, H. B. J. Am. Chem. Soc 1997, 119, 10963. 
14 (a) Brown, R. F. C. Pyrolytic Methods in Organic Chemistry: Application of Flow and Flash Vacuum Pyrolytic Techniques; 
Academic Press: New York, 1980. (b) Brown, R. F. C. Pure Appl. Chem. 1990, 62, 1981. (c) McNab, H. Aldrichimica Acta 2004, 37, 
19. 
15 Scott, L. T.; Boorum, M. M.; McMahon, B. J.; Hagen, S.; Mack, J.; Blank, J.; Wegner, H.; de Meijere, A. Science 2002, 295, 1500. 
16 Brooks, M. A.; Scott, L.T. J. Am. Chem. Soc. 1999, 121, 5444. 
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The remaining 12 C-C bond formations are spontaneous, thermal cyclodehydrogenations, 
without additional radical precursors present. 
 
Scheme 2 
Cl
Cl
Cl
1100 oC
0.01 mmHg
FVP
4 2  
 
Thermal cyclodehydrogenation reactions have been known since 1872, when Graebe 
reported that phenanthrene (6) is formed by passing stilbene (5) through a red-hot tube 
(Scheme 3).17 Many examples have been reported since then.18 This class of reactions 
was reinvestigated in our laboratory in the late 1990s. For example, circumtrindene (8) 
                                                        
17 (a) Graebe, C. Ber. Dtsch. Chem. Ges. 1874, 7, 48 (b) Graebe, C. Liebigs Ann. Chem. 1879, 167, 161 (c) Graebe, C. Ber. Dtsch. 
Chem. Ges. 1904, 37, 4145. 
18 Clar, E. Polycyclic Hydrocarbons; Academic Press: New York, 1964. 
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can be prepared by thermal cyclodehydrogenation of decacyclene (7) (Scheme 3).19 
Other geodesic polyarenes have subsequently been obtained using the same strategy.8 
 
 
Scheme 3 
red hot-tube
5 6
7 8
FVP
1250 oC
 
 
      One unanswered question in the field is whether cyclodehydrogenations at high 
temperatures occur by radical intermediates or by other mechanisms?  There are no 
clear answers, and little research has been done. In 1998, Cioslowski20 compared three 
distinct pathways for the thermal cyclodehydrogenation of 1-phenylnaphthalene (9) to 
                                                        
19 Scott, L. T.; Bratcher, M. S.; Hagen, S. J. Am. Chem. Soc. 1996, 118, 8743. 
20 Cioslowski, J.; Piskorz, P.; Moncrieff, D. J. Org. Chem. 1998, 63, 4051. 
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produce fluoranthene (10), based on theoretical calculations. The first pathway, involving 
the generation of an aryl radical by loss of a hydrogen atom, cyclization and 
rearomatization by loss of the second hydrogen atom (Scheme 4), was favored at lower 
energy. The other two pathways, involving benzyne or cyclopentadienylidenecarbene 
intermediates, were found to have higher activation energies. The initial loss of a 
hydrogen atom is required for all the pathways.  
 
Scheme 4 
 
 
   Is this mechanism also favored under FVP conditions at temperatures between 800 
oC and 1100 oC? It is well known that aryl C-H bonds are strong (110 kcal / mol21,22), and 
other pathways may occur faster than this sp2 C-H bond homolysis.  It has been known 
                                                        
21 Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A. G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W.C.; Ellison, 
B. G. J. Am. Chem. Soc. 1990, 112, 5750. 
22 (a) Berkowitz, J.; Ellison, G. B.; Gutman, D. J. Phys. Chem. 1994, 98, 2744. (b) Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; 
Ellison, G. B.; Squires, R. R. J. Am. Chem. Soc. 1995, 117, 2590. 
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for many years that the reversible 1,2–shift of hydrogen atoms in PAHs will generate 
isomeric carbene intermediates. 23  A plausible alternative mechanism for 
cyclodehydrogenation under FVP conditions is proposed in Scheme 5. The initial step is 
formation of the carbene intermediate 11 by a 1,2-shift of hydrogen. The following steps 
are cyclization by carbene insertion into a C-H bond and rearomatization by loss of two 
hydrogen atoms. The mechanism involves hydrogen loss at the final step, rather than at 
the beginning. Calculations (B3LYP/6-31G**24) show that the initial step is energetically 
favored over C-H rupture by 20 kcal / mol.   
  
Scheme 5 
 
 
   The π-bond order at the site of the 1,2-shifts of hydrogen atom directly determines 
the rate of carbene generation.25 The energetic cost of temporarily disrupting cyclic 
                                                        
23 Scott, L. T.; Hashemi, M. M.; Schultz, T. H.; Wallace, M. B. J. Am. Chem. Soc. 1991, 113, 9692. 
24 Molecular orbital calculation were performed at the B3LYP/6-31G** level of theory (UB3LYP/6-31G** for odd electron species), 
with geometry optimization and vibrational analysis. Temperature and pressure corrections to the enthalpy and entropy were 
calculated from the vibrational analysis to obtain values for free energies of activation at 1100 oC and 0.1 mmHg. (the conditions used 
most commonly in our FVP experiments) 
25 Scott, L. T. Pure Appl. Chem. 1996, 68, 291. 
 8
Introduction 
 
conjugation in an aromatic ring should be lowest for those rings that are least 
bond-convergent (least aromatic). For example, the 1,2-shift of hydrogen in phenanthrene 
at the 9 or 10 position is faster than that of naphthalene at the 1 or 2 position at the same 
temperature (Scheme 6).26 Experiments using deuterium-labeled compounds 12 and 13 
indicate that hydrogen-deuterium switching is faster in 12 than in 13. 
 
Scheme 6 
 
 
Assuming the 1,2-shift is the rate determining step, following the mechanism in 
Scheme 5, cyclodehydrogenations of phenylnaphthalene (9), 1-phenylphenanthrene (14) 
and 4-phenyltetraphene (15) should occur at significantly different rates (Scheme 7).  In 
contrast, the aryl radical mechanism in Scheme 4 predicts that thermal 
cyclodehydrogenations of these compounds will proceed at similar rates, because there is 
                                                        
26 Scott, L. T.; Racoveanu, A. unpublished results. 
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little discrepancy among the homolysis C-H bond energy in these PAHs.27  
 
Scheme 7 
 
   
Normally, cyclodehydrogenations of PAHs form 5-membered or 6-membered rings. 
There are two questions to be answered: (1) what is the mechanism of C-C bond 
formation in the high temperature cyclodehydrogenation of PAHs? (2) does the same 
mechanism operate for the closure of 5-membered rings and 6-membered ring? In order 
to answer these questions, we designed FVP experiments with several pairs of substrates 
to test these mechanisms. Some conclusions have been reached, and the detailed studies 
are described in the following chapters.   
There are two parts in this thesis: Part I, cyclodehydrogenations to form 
6-membered rings, chapter 1, chapter 2 and chapter 3; Part II, cyclodehydrogenations to 
form 5-membered rings, chapter 4 and chapter 5. 
                                                        
27 Cioslowski, J.; Liu, G.; Martinov, M.; Piskorz, P.; Moncrieff, D.  J. Am. Chem. Soc. 1996, 118, 5261. 
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1.1 Introduction 
       Some thermal cyclodehydrogenations to form 6-membered rings occur even at 
room temperature.1 Scheme 1 shows that cyclodehydrogenations of [2,2]metacyclophane 
-1,9-dienes (I-1) to form pyrene (I-3) can occur at 25 oC by valence isomerization 
between compound I-1 and 10b,10c-dihydropyrenes (I-2), followed by the loss of H2.  
 
Scheme 1 
 
 
Some cyclodehydrogenations are not so easy, however, even at high temperature. 
For example, under FVP conditions, ortho-terphenyl (1,2-diphenylbenzene) (I-4) remains 
unchanged at 1100 oC, and little cyclodehydrogenation product, triphenylene (I-5), is 
formed (Scheme 2).2 In this case, much more energy would be needed to break the 
aromaticity of all three benzene rings in the electrocyclic ring closure mechanism (I-6). 
The radical mechanism involves a high energy C-H cleavage (I-7), aryl radical 
cyclization and rearomatization by loss of a hydrogen radical. Carbene cyclization 
                                                        
1 Bodwell, G. J.; Bridson, J. N.; Cyranski, M. K.; Kennedy, J. W. J.; Krygowski, T. M.; Mannion, M. R.; Miller, D. O. J. Org. Chem. 
2003, 68, 2089 and references cited therein. 
2 Amick, A. W. Ph.D. Dissertation, 2008, Boston College, Chestnut Hill, MA.   
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requires a high energy 1,2-hydrogen atom shift in one of the benzene rings (I-8), 
followed by carbene insertion and loss of two hydrogen atoms. The experimental result 
demonstrates that cyclodehydrogenation of I-4 requires harsher conditions than I-1 
according to all three mechanisms. 
 
Scheme 2 
FVP
1100oC
I-5I-4
H
H
HH
I-6 I-7 I-8  
 
In our search for a derivative of I-4 that could undergo cyclodehydrogenation 
more easily at lower temperatures, [5]helicene (I-9)3 attracted our interest; it is known to 
easily undergo photocyclodehydrogenation.4 Thermal cyclodehydrogenation of I-9, on 
the other hand, had never been studied (Scheme 3).  
 
                                                        
3 [5]helicene: dibenzo[c,g]phenanthrene (IUPAC). 
4 Grellmann, L. H.; Hentzschel, P.; Wismontski, T. K.; Fischer, E. J. Photochem. 1979, 11, 197. 
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Scheme 3 
 
 
1.2 Designed System and Three Proposed Mechanisms 
Under FVP conditions, there are three possible pathways of cyclodehydrogenation 
of [5]helicene (I-9) following our proposed mechanisms (Scheme 4).  
 
Scheme 4 
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In order to test these three mechanisms, we introduced a benzene ring onto the 
C-ring of the [5]helicene (I-9). The cyclodehydrogenation of benzo[5]helicene5 (I-14) 
will be perturbed by the fused benzene group if it follows the electrocyclic closure 
mechanism (Scheme 5). Due to the extra cost of breaking the aromaticity of one 
additional benzene ring, the electrocyclic ring closure will be slower compared to the 
parent compound [5]helicene (I-9) (assuming the initial step is rate determining). 
However, similar rates would be predicted if the reaction follows the radical or carbene 
mechanisms.    
 
Scheme 5 
 
 
Calculations on the homodesmic energy comparisons between the parent 
[5]helicene (I-9) and the benzo[5]helicene (I-14) for the three cyclodehydrogenation 
pathways (UB3LYP/6-31G*) confirm the qualitative predictions of our initial design 
(Scheme 6). The electrocyclic pathway shows the added energy cost of breaking the 
                                                        
5 Benzo[5]helicene: naphtho[1,2-g]chrysene (IUPAC) 
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aromaticity of the extra benzene ring to be 4.9 kcal/mol. The energy cost of the radical 
cyclization and 1,2-hydrogen shift/carbene insertion pathways are similar as predicted 
(less than 0.2 kcal/mol difference). 
  
Scheme 6 
 
 
      
If we add a benzene ring onto the B-ring of [5]helicene (I-9), the resulting 
compound is dibenzo[c,g]chrysene (I-17). The cyclodehydrogenation of I-17 would be 
expected to show a reaction rate similar to that of its parent [5]helicene following the 
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electrocyclic closure mechanism (Scheme 7). In contrast to the benzo[5]helicene I-14, no 
rate difference relative to the parent system is predicted for I-17, because the aromaticity 
of the extra benzene ring is not disrupted during the reaction (I-18).  
 
Scheme 7 
 
 
Quantitative estimates of the rate difference between compound I-9 and I-17 can 
be obtained from B3LYP/6-31G* calculations of the homodesmic energy comparisons 
(Scheme 8). The energy cost difference is only 0.2 kcal/mol, which supports the 
prediction of similar reaction rates for thermal cyclodehydrogenation of I-9 and I-17.  
 
Scheme 8 
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1.3 Synthesis of [5]Helicenes 
Helicenes are usually prepared from stilbene-like precursors through a 
photochemical route. 6  For [5]helicene, this method gives a poor yield due to the 
formation of a major by-product, benzo[ghi]perylene (I-10), by 
photocyclodehydrogenation.4 Many alternative synthesis strategies have been reported 
recently.7 In our research, [5]helicene is synthesized using the method from Shawn K. 
Collins and co-workers8 involving olefin metathesis (Scheme 9). The divinyl precursor 
I-22 was prepared from commercially available 2,2-dibromo-1,1-binaphthyl (I-20) by 
formylation and Wittig reaction in 72% yield. The ring-closing olefin metathesis with 15 
mol% Grubbs-Hoveyda catalyst (I-23) refluxed in 1,2-dichloroethane under argon for 48 
hours resulted in a 100% conversion and 97% yield of [5]helicene. The modified 
conditions are easy to scale up, and the reaction can be monitored by GC-MS without 
interruption. The three-step synthesis of [5]helicene (I-9) gives a total yield of 70%.  
 
                                                        
6 Laarhoven, W. H.; Cuppen Th. J. H. M.; Nivard, R. J. F. Tetrahedron 1970, 26, 4865. 
7 Synthesis of [5]helicene: (a) Dubois, F.; Gingras, M. Tetrahedron Lett. 1998, 39, 5039; (b) Stara, I. G.; Stary, I.; Tichy, M.; Zavada, J.; 
Hanus, V. J. Am. Chem. Soc. 1994, 116, 5084; (c) Bergmann, E. D.; Szmuszkovicz, J. J. Am. Chem. Soc. 1951, 73, 5153; (d) Newman, 
M. S.; Lednicer, D. J. Am. Chem. Soc. 1956, 78, 4765; (e) Hornig, L. S. J. Am. Chem. Soc. 1952, 74, 4572; (f) Cook, J. W. J. Chem. 
Soc. 1933, 1592; (g) Weitzenboeck, R.; Klingler, A. Monatsh. Chem. 1918, 39, 315; (h) Bestmann, H.-J.; Armsen, R.; Wagner, H. 
Chem. Ber. 1969, 102, 2259; (i) Badger, G. M.; Jefferies, P. R.; Kimber, R. W. L. J. Chem. Soc. 1957, 1837; (j) Collet, A.; Brienne, 
M.-J.; Jacques, J. Bull. Soc. Chim. Fr. 1972, 336; (k) Minuti, L.; Taticchi, A.; Marrocchi, A.; Gacs-Baitz, E.; Galeazzi, R. Eur. J. Org. 
Chem. 1999, 3155; (l) Gingras, M.; Dubois, F. Tetrahedron Lett. 1999, 40, 1309; (m) Huber, R. S.; Jones, G. B. Tetrahedron Lett. 1994, 
35, 2655; (n) Harrowven, D. C.; Nunn, M. I. T.; Fenwick, D. R. Tetrahedron Lett. 2002, 43, 7345. 
8 Collins, S. K.; Grandbois, A.; Vachon, M. P.; Cote, J. Angew. Chem. Int. Ed. 2006, 45, 2923. 
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Scheme 9               Synthesis of [5]Helicene 
 
Br
Br
CHO
CHO
n-BuLi, THF,
then DMF
-78 oC tBuOK, CH2=PPh3Br
THF, 0 oC.
Grubbs-Hoveyda Cat.
(15 mol%)
1,2-dichloroethane
85 oC, reflux
NN
Ru
O
Mes Mes
Cl
Cl
Grubbs-Hoveyda Catalyst
80% 90%
97%
Mes=mesityl
I-9
I-20 I-21 I-22
I-23
 
 
Oskar E. Polansky and co-workers have reported that Diels-Alder addition of maleic 
anhydride to naphtho[1,2,3,4-def]chrysene gives naphtho[1,2-g]chrysene (I-14) as one of the 
products in less than 1% yield.9  Warren E. Piers synthesized 7:8,9:10-dibenzo-1,2,3,4- 
tetrafluorotriphenylene in 84% yield,10  but their procedures could not be adapted to a 
synthesis of the parent hydrocarbon. We developed a 2-step synthesis of 
naphtho[1,2-g]chrysene (I-14), using a double-Stille cross-coupling reaction, which proceeds 
in 67% total yield (Scheme 10). 2,2-Bis(trimethylstannyl)-1,1-binaphthyl (I-24) was 
                                                        
9 Bunte, R.; Gundermann, K.-D.; Leitich, J.; Polansky, O. E.; Zander, M. Chem. Ber. 1986, 119, 3521. 
10 Morrison, D. J.; Trefz, T. K.; Piers, W. E.; McDonald, R.; Parvez, M. J. Org. Chem. 2005, 70, 5309. 
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prepared from 2,2-dibromo-1,1- binaphthyl (I-20) by bis-stannylation.11  The double 
cross-coupling reaction was realized by using 40 mol% Pd[P(t-Bu)3]2, 1,2-diiodobenzene and 
5 equivalents of cesium fluoride in 1,4-dioxane solution and run in microwave reactor for 45 
min at 130 oC.12 
 
Scheme 10 
Br
Br
SnMe3
SnMe3
n-BuLi, THF,-78 oC
then Me3SnCl
40 mol%Pd[P(t-Bu)3]2
CsF, Dioxane, 130 oC
microwave
82% 82%
1,2-diiodobenzene
I-14I-20 I-24
      
 
Dibenzo[c,g]chrysene (I-17) was synthesized by photodehydrocyclization of a 
stilbene-like compound (Scheme 11). 13  9-Phenanthrenecarboxaldehyde and the 
triphenylphosphonium salt of 2-methylnaphthlene were treated with lithium ethoxide in a 
Wittig reaction to yield a the mixture of (E) and 
(Z)-9-(2-(naphthalen-2-yl)vinyl)phenanthrene (I-25) in 84% yield. The compounds were 
then dissolved in benzene; iodine and propylene oxide were added, and the solution was 
irradiated for 14 h at 254 nm.  
                                                        
11 Hoshi, T.; Shionoiri, H.; Katano, M.; Suzuki, T. Hagiwara, H. Tetrahedron: Asymm. 2003, 13, 2167. 
12 Microwave reaction: Discover Microwave Unit, at 130 °C for 45 min with a 150 W power max. 
13 Tinnemans, A. H. A.; Laarhoven, W. H. J. Am. Chem. Soc. 1974, 96, 4617.  
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Scheme 11 
CHO
CH2PPh3Br+ LiOEt
DMF
hν , I2
benzene
84%
propylene oxide
37%
I-17I-25
 
 
The reaction mixture was separated by chromatography on silica gel. Elution with 
increasing solvent ratios of benzene / hexane mixtures gave three different products (I-17, 
I-19 and I-26). Compound I-17 was recovered in 37% yield by using benzene / hexane 
(1:8). Compound I-19 is also isolated from this reaction in 10% yield with benzene as the 
eluent. 
 
 
1.4 Flash Vacuum Pyrolysis of [5]Helicenes 
       The flash vacuum pyrolysis (FVP) apparatus used for the work in this thesis is 
shown in Picture 1. The system consists of a horizontal quartz tube over two electric 
furnaces, a mechanical vacuum pump, a flow gas inlet, and trap. The sample is placed in 
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Picture 1 
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the quartz boat and moved into the middle of the first furnace. The hot zone is heated by 
the second furnace to the range of 500-1100 °C. Under vacuum in the range of 0.1-1.0 
mmHg, the sample is sublimed by heating to the range of 50-300 oC (depending on the 
substrates). To minimize intermolecular reactions in the gas phase, sublimation is 
controlled by a slow increase in temperature. A gentle stream of nitrogen through a short 
piece of glass capillary tubing is commonly used to facilitate the flight of molecules 
through the hot zone. The products are collected in a cold trap cooled with liquid nitrogen. 
The amount of starting material is typically around 50 mg and is sublimed through the 
hot zone in a reasonable period of time, normally 4-8 hours. More details on the FVP 
apparatus and its operation have been published.14 
The flash vacuum pyrolysis of [5]helicene (I-9) was performed on a 50 mg scale at 
                                                        
14 (a) Necula, A.; Scott, L. T.  J. Anal. Appl. Pyrolysis 2000, 54, 65. (b) Tsefrikas, V. M.; Scott, L. T. Chem. Rev. 2006, 106, 4868. 
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three different temperatures: 700 oC, 850 oC and 1000 oC, with a steady flow of nitrogen 
carrier gas and a final pressure of 0.70-1.00 mmHg. The details for FVP are similar to 
those previously reported.15 The reaction was completed when all the starting material 
passed through the hot zone and condensed on the wall of the liquid nitrogen cooled trap. 
The crude pyrolysate was collected from the trap with generous dichloromethane 
washings. 1H NMR spectra were taken of the crude pyrolysates after evaporation of all 
solvents.  
 
Scheme 12  
 
 
The cyclodehydrogenation product: benzo[ghi]perylene I-10 is formed by flash 
vacuum pyrolysis of I-9 (Scheme 9). Only [5]helicene I-9 and compound I-10 are present 
in the crude pyrolysate. The reaction is temperature dependent: no reaction at 700 oC, 1.4: 
1 (I-9 to I-10) at 850 oC, and complete conversion at 1000 oC (Figure 1 and Table 1). The 
mass recovery decreases with increasing temperature. 
                                                        
15 Scott, L. T.; Bratcher, M. S.; Hagen, S. J. Am. Chem. Soc. 1996, 118, 8743 
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ppm (t1)
7.508.008.509.00
700 oC All I-9  
 
 
 
 
850 oC  
 
 
 
 
 
1000 oC  All I-10 
 
 
 
 
 
 
 
Figure 1. 1H NMR (400 MHz, CDCl3) crude pyrolysate from FVP of [5]helicene (I-9)  
 
 
 
Table 1    Flash Vacuum Pyrolysis of [5]Helicene (I-9) 
 
Relative amount a  
Temp (oC) I-9 (%)             I-10 (%) 
 
Mass recovery (%)b 
700          100                0                 96 
850           58                42                90 
1000           0                100                66  
 
a: Determined by integration of the 1H NMR spectra of the crude mixture (Figure 1); error limits estimated  
at approximately ±5%. b: mass recovery (%) based on theoretical yield of I-9.  
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If the electrocyclic mechanism is operating, the thermal cyclodehydrogenation of 
naphtho[1,2-g]chrysene (I-14) will be slower than that of [5]helicene (I-9), because the 
transition state is higher in energy due to the greater loss of aromaticity, as described 
above. We chose two temperatures for the FVP of I-14: 850 oC and 1000 oC, and kept 
other conditions the same as those for [5]helicene (I-9) (Scheme 13).  
 
Scheme 13 
 
 
 
Table 2    Flash Vacuum Pyrolysis of Naphtho[1,2-g]chrysene (I-14) 
 
Relative amount a  
Temp (oC) I-14 (%)              I-16 (%) 
 
Mass recovery (%)b 
850          88                12                 74 
1000          12                88                 92  
 
a: Determined by integration of the 1H NMR spectra of the crude mixture; error limits estimated  
at approximately ±5%. b: mass recovery (%) based on theoretical yield of I-14. 
 
From the 1H NMR of the crude pyrolysate, it could be seen that the mixture 
contained both starting material I-14 and cyclodehydrogenation product I-16 (Figure 2). 
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At 850 oC, I-14 is the major compound (88%) and I-16 is estimated to be only around 
12%. At 1000 oC, the ratio of I-14: I-16 is 1:7 (Table 2).  
 
 
ppm (t1)
7.007.508.008.509.00
850 oC  I-16 I-14 
 
 
 
 
1000 oC I-16 I-14 
 
 
 
 
Figure 2. 1H NMR (400 MHz, CDCl3) crude pyrolysate from FVP of benzo[5]helicene 
(I-14)  
     
     The rate difference between I-9 and I-14 is seen most clearly in the FVP at 850 oC. 
From the 1H NMR of both crude pyrolysates from FVP, we can see a 42% conversion of 
I-9 and only 12% of I-14 (Figure 3). Three to four times more of the parent [5]helicene 
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cyclizes than does the benzannulated derivative under these conditions. At 1000 °C, a 
temperature at which the conversion of I-9 to I-10 is complete, a significant portion of 
I-14 survives FVP unchanged. These data are consistent with the electrocyclization 
rearomatization pathway for thermal cyclodehydrogenation of [5]helicenes (I-9 and I-14); 
however, the data are not consistent with either the aryl radical pathway or the carbene 
mechanism.  
 
ppm (t1)
8.509.00
[5]helicene (I-9) 
 
= product
= starting material
 
 
 
 
benzo[5]helicene (I-14) 
 
= product
= starting material
 
 
 
 
Figure 3.  1H NMR (400 MHz, CDCl3) of crude pyrolysate from 850 oC FVP of I-9 and 
I-14 
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In the FVP reaction of benzo[5]helicene I-14 at 1000 oC, there is a minor product 
apparent in the 1H NMR. Unfortunately, chromatography attempts failed to separate it 
after several tries with different methods.  
 In the proton NMR, there are several doublets in the range of bay region 
hydrogen atoms of PAHs (8.80-9.20 ppm) (Figure 4). Also, the mass spectrum of the 
mixture shows a large peak at m/z 326 (C26H14) and only a small amount of m/z 328 
(C26H16). Taking all of the information into account, we hypothesized that this minor 
compound might be I-19, and that the mechanism of the formation of this compound 
could be as shown in Scheme 14.  
We synthesized the proposed compound I-19, and the 1H NMR signals of the 
“unknown product” matched those of I-19. The formation of I-19 actually serves as 
further evidence in support of the electrocyclic mechanism.  
 As a further test of the electrocyclization rearomatization mechanism, FVP 
experiments were carried out on dibenzo[c,g]chrysene (I-17) at 850 oC and 1000 oC 
(Scheme 15). At 850 oC, the starting materials I-17 and cyclodehydrogenation product 
I-19 were present in the mixture in a ratio of 61: 39 with 97% mass recovery. In the FVP 
reaction of I-17 at 1000 oC, no starting material was left in the mixture, and the major 
product was the cyclodehydrogenation product I-19 (1H NMR, see experimental section, 
FVP data shown in Table 3). These results are very similar to those for [5]helicene I-9 
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and agree with our proposed electrocyclization-rearomatization mechanism.  
 
 
I-16 
 
   
I-16 
I-19 I-19 I-19 I-19 I-19 I-19 
Figure 4.  1H NMR (400 MHz, CDCl3) of crude pyrolysate from 1000 oC FVP of 
benzo[5]helicene (I-14) 
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Scheme 14 Proposed Pathways for Formation of I-19 from FVP of I-14 
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Scheme 15 
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Table 3    Flash Vacuum Pyrolysis of dibenzo[c,g]chrysene (I-17) 
 
Relative amount a  
Temp (oC) I-17 (%)              I-19 (%) 
 
Mass recovery (%)b 
850          61                39                 97 
1000          0                100                 88  
 
a: Determined by integration of the 1H NMR spectra of the crude mixture; error limits estimated  
at approximately ±5%. b: mass recovery (%) based on theoretical yield of I-17. 
 
1.5 Conclusions 
Comparison of these experimental results among [5]helicenes indicates that the 
electrocyclic mechanism is favored in these systems. This agrees with our proposal and 
theoretical calculations. It is obvious that the thermal cyclodehydrogenations of I-9 and 
I-14 show a significant rate difference, the latter being much slower. Although there is a 
rearrangement product of compound I-14 in the mixture, its formation actually reinforces 
the conclusions. In the control experiment, thermal cyclodehydrogenation of I-17 gave a 
rate similar to that of the parent [5]helicene (I-9). Our findings convincingly disfavor the 
radical cyclization and carbene insertion mechanisms in [5]helicenes.  
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1.6 Experimental 
1.6.1 General 
    All solvents and chemicals are commercially available and were used without any 
purification unless specified. Proton NMR and carbon NMR were performed with a 400 
MHz NMR spectrometer. Chemical shifts are reported in ppm downfield from 
tetramethylsilane with deuteriochloroform (δH = 7.26 ppm, δC = 77.23 ppm,) as the 
standard reference. Thin layer chromatography was performed on Sorbent Tech Silica G 
TLC plate.  For column chromatography, silica gel 32-63 μm was used. Gas 
Chromatograph-Mass Spectrometer (GC-MS) analysis was performed on a Thermo 
Finnigan Trace DSQ with Trace GC ultra. The mass spectrum was performed on 
time-of-flight mass spectrometers; ionization methods included ESI, APPI, DART, and 
AP-MALDI, all of which are operating in either positive or negative ion modes. Melting 
points are uncorrected. 
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1.6.2 2,2′-Bisformyl-1,1′-binaphthyl (I-21) 
 
Br
Br
CHO
CHO
1) n-BuLi, THF,
2) DMF
-78 oC
 
 
Into a flame dried 25 mL flask equipped with a magnetic stir bar under nitrogen 
were added rac-2,2′-dibromo-1,1′-binaphthyl (1.00 g, 2.43 mmol) and anhydrous THF (6 
mL). The reaction mixture was stirred for 10 min at -78 oC and n-butyllithium (2.70 mL, 
5.54 mmol, 2.09 M in hexane) was added dropwise over 10 min. After being stirred for 2 
h, the solution was warmed to 0 oC and stirred for another 30 min. The reaction was 
cooled to -78 oC, anhydrous DMF (1.0 mL, 12.9 mmol) was added dropwise, and stirring 
was continued for 1 h. The mixture was warmed to room temperature, quenched with 
brine (50 mL), and extracted with ethyl acetate (3 X 50 mL). The combined organic 
layers were dried over magnesium sulfate, filtered and concentrated to dryness under 
reduced pressure. The residue was purified by chromatography on silica gel column with 
hexanes and ethyl acetate (9:1) and gave the compound I-21 as a yellow oil (0.603 g, 
80%). The properties of this material matched those reported in the literature.8 
 
1H NMR (400 MHz, CDCl3) δ: 9.62 (s, 2H), 8.21 (d, J = 8.4 Hz, 2H), 8.13 (d, J = 8.8 Hz, 
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2H), 8.02 (d, J = 8.4 Hz, 2H), 7.64 (td, J = 8.4 Hz, 1.2 Hz, 2H), 7.38 (td, J = 8.4 Hz, 1.2 
Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H).  
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1.6.3 2,2′-divinyl-1,1′-binaphthyl (I-22)    
  
 
 
In a flame dried 50 mL round bottom flask equipped with a magnetic stir bar under 
argon atomosphere, potassium tert-butoxide (0.872 g, 7.77 mmol) and 
methyltriphenylphosphonium bromide (2.833 g, 7.77 mmol) were dissolved in 10 mL of 
anhydrous THF. The mixed solution was cooled to 0 oC in an ice bath, and a solution of 
2,2′-diformyl-1,1′-binaphthyl (0.603 g, 1.94 mmol) in 10 mL of anhydrous THF was 
added dropwise with vigorous stirring. After 2 h, the reaction was quenched with brine, 
and the layers were separated. The aqueous layer was extracted with diethyl ether (3 X 50 
mL). The combined organic fractions were dried over MgSO4, filtered and concentrated 
under reduced pressure. Purification by flash column silica gel chromatography (5:1 
hexanes-EtOAc) yielded the product I-22 as an off-white solid (0.536 g, 90%). The 
properties of this material matched those reported in the literature.8   
 
1H NMR (400 MHz, CDCl3) δ: 7.97 – 7.89 (m, 6H), 7.42 (t, J = 8.4 Hz, 2H), 7.21 (t, J = 
8.2 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 6.29 (dd, J = 17.4, 10.8 Hz, 2H), 5.78 (d, J = 17.6 
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Hz, 2H), 5.06 (d, J = 11.0 Hz, 2H). 
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1.6.4 [5]helicene (I-9) 
 
15 mol % Grubbs-Hoveyda Cat.
1,2-dichloroethane, 85 oC
 
 
  2,2′-Divinyl-1,1′-binaphthyl (0.247 g, 0.81 mmol) was added to a flame dried 250 
mL round bottom flask equipped with a magnetic stir bar. Anhydrous 1,2-dichloroethane 
(60 mL) was added to the flask, and all the starting material dissolved under argon. After 
quickly adding Grubbs-Hoveyda Catalyst (83 mg, 0.12 mmol) and installing a condenser, 
the reaction was heated to 85 oC and refluxed for 48 h under argon. The reaction was 
quenched with brine, and the layers were separated. The aqueous layer was extracted with 
methylene chloride (3 X 50 mL). The combined organic layers were dried over 
magnesium sulfate, filtered and concentrated under reduced pressure. Purification by 
flash column silica gel chromatography (5:1 hexanes-EtOAc) yielded the compound I-9 
as an off-white solid (0.219 g, 97%). The properties of this material matched those 
reported in the literature.8   
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m.p.: 150-152 oC (lit.16 152 oC) 
 
HRMS (DART) m/z 279.1177, calcd for C22H15 [M+H]+: 279.1174 
 
1H NMR (400 MHz, CDCl3) δ: 8.51 (d, J = 8.0 Hz, 2H), 7.97 – 7.87 (m, 8H), 7.52 (ddd, J 
= 8.0, 6.8, 1.2 Hz, 2H), 7.28 (ddd, J = 8.4, 7.2, 1.6 Hz, 2H) 
 
13C NMR (100 MHz, CDCl3) δ: 132.7, 132.4, 130.9, 129.1, 127.9, 127.6, 127.3, 127.0, 
126.4, 126.3, 124.5. 
 
                                                        
16 Cook, J. W. J. Chem. Soc. 1933, 1592. 
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1.6.5 2,2'-Bis(trimethylstannyl)-1,1'-binaphthyl (I-24) 
 
 
 
2,2′-Dibromo-1,1′-binaphthyl (1.03 g, 2.51 mmol) was dissolved in anhydrous THF 
(30 mL) in a dried 100 mL round bottom flask with a magnetic stir bar, and the mixture 
was stirred for 15 min at -78 °C under Argon. n-Butyllithium (3.33 mL, 6.03 mmol, 1.81 
M in hexanes) was added dropwise to the solution over 10 min. The mixture was stirred 
for 1 h, and trimethyltin chloride (1.51 g, 7.53 mmol) in 20 mL of anhydrous THF was 
added dropwise over 10 min. The solution was warmed to room temperature over 30 min 
and stirred for another 12 h. After this, water (10 mL) was added, and the layers were 
separated. The aqueous layer was extracted with methylene chloride (3 X 10 mL). All of 
the organic layers were collected, washed with 50 mL each of 10% HCl, saturated 
NaHCO3 and water, dried with MgSO4 and filtered. All of the solvents were removed 
under reduced pressure. The crude product was purified with silica gel chromatography 
with hexanes as an eluent and yielded as a white solid (1.20 g, 82%). The properties of 
this material matched those reported in the literature.17  
                                                        
17 Krishnamurti, R.; Kuivila, H. G.; Shaik, N. S.; Zubieta, J. Organometallics, 1991, 10, 423. 
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1H NMR (400 MHz, CDCl3) δ: 7.89-7.92 (m, 4H), 7.71 (d, J = 8.0 Hz, 2H), 7.42-7.45 (m, 
2H), 7.20-7.25 (m, 4H), -0.34 (s, 18H) 
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1.6.6 Naphtho[1,2-g]chrysene (I-14) 
 
 
 
2,2'-Bis(trimethylstannyl)-1,1'-binaphthyl (58 mg, 0.10 mmol), Pd[P(t-Bu)3]2 (21 mg, 
0.04 mmol) and cesium fluoride (76 mg, 0.50 mmol) were added into an oven-dried 10 
mL glass reaction vial (pressure-rated up to 35 Bar (~515 PSI)) equipped with a Teflon 
coated magnetic stirring bar. The vial was then sealed with a PTFE-Silicon septum in an 
Intellivent Cap and purged repeatedly with argon. 1,4-Dioxane (anhydrous, 1 mL) and 
1,2-diiodobenzene (13.1 μL, 0.1 mmol) were added to this solid mixture, and the vial was 
then irradiated with microwaves in a CEM Discover Microwave Unit, at 130 °C for 45 
min with a 150 W power max. The solvent was removed under reduced pressure, and the 
crude residue was dissolved in 50 mL of methylene chloride. After being filtered through 
a silica gel plug, the organic layer was washed with 10% HCl, water and brine, dried with 
MgSO4 and filtered. All solvents were evaporated under reduced pressure. Purification of 
the crude product by silica gel chromatography gives an off-white solid (27 mg, 82%), 
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and the properties of this material matched those reported in the literature.18 
   
1H NMR (400 MHz, CDCl3) δ: 8.73 (d, J = 8.4 Hz, 2H), 8.72-8.74 (AA′ of AA′BB′, 2H), 
8.10 (d, J = 8.4 Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.72 (BB′ of 
AA′BB′, 2H), 7.50 (t, J = 8.0 Hz, 2H), 7.24 (t, J = 7.6 Hz, 2H). 
 
                                                        
18 Grellmann, K. H.; Hentzschel, P.; Wismontski-Knittel, T.; Fischer, E. Journal of Photochemistry 1979, 11, 197.   
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1.6.7 (Z) and (E)-9-(2-(naphthalen-2-yl)vinyl)phenanthrene (I-25) 
 
         
 
 
 
9-Phenanthrencarboxaldehyde (0.619 g, 3.00 mmol) and (naphthalen-2-ylmethyl) 
triphenylphosphonium bromide (1.60 g, 3.30 mmol) were added to 20 mL of 
dimethylformamide solution in a 50 mL round-bottomed flask. The suspension was 
stirred, and lithium ethoxide (9 mL, 1 M in ethanol, 9 mmol) was added. The reaction 
mixture was stirred at room temperature overnight. The reaction solution was diluted with 
100 mL of diethyl ether and washed successively with 2 X 50 mL each of 10% aqueous 
hydrochloric acid, water and brine. The organic layer was separated and dried over 
magnesium sulfate; then the solvent was removed by rotary evaporation. Purification by 
column chromatography on silica gel with hexane and benzene (9:1) as eluents yielded 
0.83 g (84%) of a mixture of cis and trans isomers. The properties of this material 
matched those reported in the literature.13  
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1.6.8 Dibenzo[c,g]chrysene (I-17) and Dibenzo[e,ghi]perylene (I-19) 
 
 
 L 
r w
  
A mixture of (Z) and (E)-9-(2-(naphthalen-2-yl)vinyl)phenanthrene (0.830 g, 2.51 
mmol), iodine (0.64 g, 2.51 mmol) and propylene oxide (5 mL, 71 mmol) in 1 of 
benzene was photolyzed at 254 nm in a quartz vessel for 14 h in a Rayonet 
photochemical apparatus. The solvent was evaporated under reduced pressure. The brown 
oil was dissolved in 150 mL of dichloromethane and washed successively with 2 X 50 
mL each of 10% aqueous sodium thiosulfate, water and brine. The organic laye as 
separated and dried over magnesium sulfate, and the solvent was removed by rotary 
evaporation. Purification by column chromatography on silica gel with benzene and 
hexane (1:4) as eluents yielded 0.17 g (37%) of I-17 as a pale yellow solid. Elution with 
benzene gave 0.082 g (10%) of I-19. The properties of I-17 and I-19 matched those 
reported in the literature.13 
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 I-17: 
1H NMR (400 MHz, CDCl3) δ: 8.44-8.61 (m, 4H), 8.44 (d, J = 8.4 Hz, 1H), 8.36 (d, J = 
8.4 Hz, 1H), 7.87-7.98 (m, 4H), 7.73 (m, 2H), 7.56 (t, J = 6.8 Hz, 1H), 7.49 (t, J = 6.8 Hz, 
1H), 7.20-7.25 (m, 2 H). 
  
 
 
 
I-19: 
1H NMR (400 MHz, CDCl3) δ: 9.18 (d, J = 9.2 Hz, 1H), 9.15 (d, J = 8.0 Hz, 1H), 9.06 (d, 
J = 8.4 Hz, 1H), 9.00 (d, J = 8.0 Hz, 1H), 8.96 (d, J = 8.4 Hz, 1H), 8.90 (d, J = 8.0 Hz, 
1H), 8.48 (d, J = 8.0 Hz, 1H), 8.25 (d, J = 7.2 Hz. 1H), 7.49-8.30 (m, 6H). 
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1.6.9 Flash Vacuum Pyrolysis of I-9 
 
 
 
 A fifty milligram sample of [5]helicene (I-9) was slowly sublimed (5 h, 
sublimation oven: room temperature to 120 oC) into a gentle stream of nitrogen carrier 
gas under vacuum (0.7 – 1.0 mmHg) in a flash vacuum pyrolysis apparatus that has been 
described elsewhere in detail.14 The hot zone was maintained at a constant temperature 
(700 oC, 850 oC and 1000 °C, respectively), and the products were collected in a trap 
cooled by liquid nitrogen. The crude pyrolysis product mixtures were dissolved in 
dichloromethane and analyzed by 1H NMR spectroscopy before any separation was 
attempted by chromatography. The mass of the recovered material relative to the m of 
the starting helicene varied from 66 – 96% (The details are shown in Table 1).  Fi  1 
shows the 1H NMR spectra of the products from FVP of [5]helicene (I-9) at three 
different temperatures.  
 
ass 
gure
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1.6.10 Flash Vacuum Pyrolysis of I-14 
 
 
 
A fifty milligram sample of benzo[5]helicene (I-14) was slowly sublimed (5 h, 
sublimation oven: room temperature to 110 oC) into a gentle stream of nitrogen carrier 
gas under vacuum (0.4 – 0.5 mmHg) in a flash vacuum pyrolysis apparatus that has been 
described elsewhere in detail.14 The hot zone was maintained at a constant temperature 
(850 oC and 1000 °C, respectively), and the products were collected in a trap cooled by 
liquid nitrogen. The crude pyrolysis product mixtures were dissolved in dichloromethane 
and analyzed by 1H NMR spectroscopy before any separation was attempted by 
chromatography. The mass of the recovered material relative to the mass of the starting 
helicene varied from 74–92% (The details are shown in Table 2).  Figure 2 shows the 1H 
NMR spectra of the products from FVP of benzo[5]helicene (I-14) at two temperatures. 
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1.6.11 Flash Vacuum Pyrolysis of I-17 
 
 
 
      
n 
below
  
A fifty milligram sample of dibenzo[c,g]chrysene (I-17) was slowly sublimed (4 h, 
sublimation oven: room temperature to 250 oC) into a gentle stream of nitrogen carrier 
gas under vacuum (0.4 – 0.6 mmHg) in a flash vacuum pyrolysis apparatus that has been 
described elsewhere in detail.14 The hot zone was maintained at a constant temperature 
(850 oC and 1000 °C, respectively), and the products were collected in a trap cooled by 
liquid nitrogen. The crude pyrolysis product mixtures were dissolved in dichloromethane 
and analyzed by 1H NMR spectroscopy before any separation was attempted by 
chromatography. The mass of the recovered material relative to the mass of the starting 
helicene varied from 88–97% (The details are shown in Table 3).  The 1H NMR spectra 
of the products from FVP of dibenzo[c,g]chrysene (I-17) at two temperatures are show
. 
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Part I 
Cyclodehydrogenations to Form 6-Membered Rings 
 
 
 
 
Chapter 2 
 
Cyclodehydrogenations of Phenyl-Substituted Compounds 
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2.1 Introduction 
      In Chapter 1, it was noted that ortho-terphenyl (1,2-diphenylbenzene) II-1 remains 
unchanged under FVP conditions at 1100 oC and little cyclodehydrogenation product 
triphenylene II-2 is formed (Scheme 1).1 Cyclodehydrogenation of II-1 requires harsh 
conditions according to all three plausible mechanisms: radical cyclization, 1,2-hydrogen 
shift/ carbene insertion, and electrocyclic ring closure.  
Scheme 1 
FVP
1100 oC
II-2II-1
 
2-2 Designed System and Proposed Carbene Mechanism 
In order to learn more about thermal cyclodehydrogenations that form 6-membered 
rings and to differentiate these mechanisms, we wanted to design derivatives of II-1 other 
than helicenes that would cyclize to a significant extent at 1100 oC. For this we chose two 
C26H18 PAHs: 9,10-diphenylphenanthrene (II-3) and 9-(biphenyl-2-yl)phenanthrene (II-4) 
(Scheme 2). In these hydrocarbons, two more benzene rings are fused onto different 
positions of the parent compound II-1. Cyclodehydrogenation of these two compounds 
will give the same product dibenzo[g,p]chrysene (II-5) under FVP conditions.  
                                                 
1 Scott, L. T.; Necula, A., unpublished results. 
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Scheme 2 
 
For the 1,2-hydrogen shift mechanism, the ease of shift in the 9 and 10 positions of 
phenanthrene, compared with that in an isolated benzene ring, would make 6-membered 
ring cyclization of compound II-4 faster than cyclization of II-3 (Scheme 3a). Little rate 
difference between II-3 and II-4 would be expected, based on electronic consideration, if 
the reaction were to follow either the radical or the electrocyclic mechanism (Scheme 4b 
and c). 
Scheme 3 
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  Homodesmic energy comparisons between II-3 and II-4 for the three 
cyclodehydrogenation pathways (UB3LYP/6-31G*) are shown in Scheme 4. The 
1,2-hydrogen shift/carbene insertion mechanism shows an energy cost difference of 8.4 
kcal/mol for breaking the aromaticity of an isolated benzene ring vs. the phenanthrene ring. 
This energy difference predicts a ratio of cyclodehydrogenation of these two compounds at 
1100 oC to be about 20: 1 (II-3: II-4).  For the radical cyclization pathway, these two 
compounds are predicted to show similar rates, due to the negligible energy cost difference 
of only 0.005 kcal/mol. Surprisingly, an energy difference of 10.2 kcal/mol was found for 
the electrocyclization-rearomatization mechanism for cyclodehydrogenation of II-3 and 
II-4, in spite of the fact that both starting materials would suffer the same loss of 
aromaticity (one phenanthrene central ring plus two benzene rings). These calculations 
are not in agreement with our original predictions, which were based solely on qualitative 
aromaticity considerations, and probably reflect a difference in strain energy changes 
associated with the two electrocyclizations. Our revised predication, therefore, is that the 
radical pathway should show no significant difference in rate of thermal 
cyclodehydrogenation of II-3 and II-4, whereas both of the other mechanisms predict 
significantly faster cyclization of II-4. 
  Our plan, therefore, was to run FVP reactions of compounds II-3 and II-4 and to 
quantify for each the ratio between starting material and cyclodehydrogenation product 
dibenzo[g,p]chrysene (II-5).  
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Scheme 4 
H
H
H
+ +
II-3
II-4
II-3
II-4
II-4
+
+ +
+
II-6 II-5
II-8 II-7
II-3 II-10 II-9
Erxn= 8.4 kcal/mol
Erxn= - 0.005 kcal/mol
Erxn= 10.8 kcal/mol
H
 
 
2-3 Synthesis of Phenyl-Substituted Compounds 
It has been well known that substituted phenanthrenes can be prepared by dehydrative 
cyclization of aryl pinacols in triflic acid. 2  Olah reported a one-step synthesis of 
9,10-diphenylphenanthrene (II-3) from benzopinacol in freshly distilled 
trifluoromethanesulfonic acid at 0 oC for 24 h with 90% yield (Scheme 5).3 
                                                 
2 Olah, G. A.; Klumpp, D. A.; Neyer, G.; Wang, Q. Synthesis, 1996, 321. 
3 Olah, G. A.; Klumpp, D. A.; Baek, D. N.; Neyer, G.; Wang, Q. Organic Syntheses, 1999, 76, 294. 
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Scheme 5 
 
       A synthesis of 9-(biphenyl-2-yl)phenanthrene (II-4) has never been reported. We 
chose the Suzuki-Miyaura cross-coupling reaction4 to finish a two-step synthesis with an 
86% overall yield, starting from commercially available 9-bromophenanthrene (II-11) 
(Scheme 6).  
 
Scheme 6 
 
 
 
2-4 Flash Vacuum Pyrolysis of Phenyl-Substituted Compounds 
      With the two compounds II-3 and II-4 in hand, flash vacuum pyrolysis reactions 
were conducted. After each run, the pyrolysate was collected from the trap and the 
quartz tube, and the unpurified material was analyzed directly by 1H NMR spectroscopy. 
                                                 
4 (a) Miyaura, N.; Suzuki, A. Chem. Commun. 1979, 866 (b) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457. 
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The doublet for the four cove region protons of the cyclodehydrogenation product II-5 
appears at 8.75 ppm,5 which allows for easy detection in the mixtures. 
Because the parent compound, ortho-terphenyl (II-1), remains almost entirely 
unchanged at 1100 oC, the first FVPs were run at this temperature. Interestingly, 
9,10-diphenylphenanthrene (II-3), like ortho-terphenyl (II-1), exhibits very little 
tendency to undergo thermal cyclodehydrogenation and gives only a trace of product 
II-5 (<1%) at 1100 oC (Figure II-1a). Thus, benzannulation of the middle ring of 
ortho-terphenyl has no appreciable effect on the ease of thermal cyclodehydrogenation. 
The isomeric hydrocarbon II-4, on the other hand, cyclizes much more readily under the 
same conditions; a 9:1 ratio of starting material to product is seen in the NMR spectrum 
of the pyrolysate from II-4 (Figure II-1b). Thus, benzannulation of a terminal ring of 
ortho-terphenyl (II-1) has an appreciable, salutary effect on the ease of the thermal 
cyclodehydrogenation. The “unknown” product seen in the 1100 oC FVP of II-3 is 
mostly likely 9-phenylphenanthrene, formed by phenyl loss (see Chapter 4).  
 
 
 
 
                                                 
5 Alder, R. W.; Whittaker, G. J. C. S. Perkin II, 1975, 712. 
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7.508.008.50
 
(a) 
 II-3 
II-5+unknown 
 
 
(b) 
 
 
II-5 II-4 
 
 
Figure II-1. 1H NMR (400 MHz, CDCl3) of the unpurified pyrolysate from the 1100 oC 
FVP of (a) 9,10-diphenylphenanthrene (II-3) and (b) 9-(biphenyl-2-yl)phenanthrene 
(II-4). 
 FVP experiments were run at 1000 oC, a temperature at which ortho-terphenyl 
(II-1) shows no evidence for any thermal cyclodehydrogenation. At this temperature, II-3 
likewise yields no detectable quantities of the cyclodehydrogenation product II-5, but 
II-4 still shows ca 1% cyclization (Figure II-2). There is a clear rate difference in the 
thermal cyclodehydrogenations of these isomeric hydrocarbons. 
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7.007.508.008.50
II-5 
II-4 
II-3 
(b) 
(a) 
Figure II-2. 1H NMR (400 MHz, CDCl3) of the unpurified pyrolysate from the 1000 oC 
FVP of (a) 9,10-diphenylphenanthrene (II-3) and (b) 9-(biphenyl-2-yl)phenanthrene 
(II-4). 
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2-5 Conclusions 
        From these experiments, we observed a significant rate difference in the thermal 
cyclodehydrogenations of compound II-3 and II-4. For II-3, there is no reaction at 1000 oC 
and very little cyclodehydrogenation even at 1100 oC. The 1H NMR spectra reveal that 
other reactions might have occurred, as some unknown compounds were obtained in the 
pyrolyses. Cyclodehydrogenation of compound II-4 occurs at both temperatures, with 
approximately 1% conversion at 1000 oC and 10% conversion at 1100 oC. The results 
agree with the calculations, 6  and are consistent with both the electrocyclization- 
rearomatization mechanism and the 1,2-hydrogen shift/carbene insertion mechanism for 
thermal cyclodehydrogenation of II-4. The results are inconsistent with the radical 
mechanism.  
In chapter 1, the electrocyclic mechanism was found to operate in the thermal 
cyclodehydrogenations of [5]helicenes. There is no guarantee, however, that all thermal 
cyclodehydrogenations follow the same mechanistic pathway.   
 
 
 
 
                                                 
6 Homodesmic energy comparisons between II-9 and II-10 for the three cyclodehydrogenation pathways (UB3LYP/6-31G*): carbene 
mechanism: 8.37 kcal / mol. 
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2.6 Experimental 
2.6.1 General 
       All the solvents and chemicals are commercially available and were used without 
any purification unless otherwise mentioned. Proton NMR and carbon NMR were 
performed on a Unity INOVA 400AS NMR Spectrometer. Chemical shifts are reported in 
ppm downfield from tetramethylsilane with deuteriochloroform (δH = 7.26 ppm, δC = 77.23 
ppm,) as the standard reference. Thin layer chromatography was performed on Sorbent 
Tech Silica G TLC plate.  For column chromatography, silica gel 32-63 μm was used. Gas 
Chromatograph-Mass Spectrometer (GC-MS) analysis was performed on a Thermo 
Finnigan Trace DSQ with Trace GC ultra. Melting points are uncorrected. 
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2.6.2 9,10-diphenylphenanthrene (II-3) 
 
 
 
Benzopinacol (4.00 g, 10.9 mmol) and dry toluene (16 mL) were added into a 100 
mL three-neck, round-bottom flask equipped with a magnetic stirrer, a thermometer and a 
septum under nitrogen atmosphere. The suspension was stirred and cooled to 0 oC using an 
ice bath. Then freshly distilled trifluoromethanesulfonic acid (16 mL) was slowly added 
via syringe. The cold bath was removed, and the mixture was stirred for 24 h at room 
temperature, and then poured over 100 g of ice. The organic layer was separated, and the 
aqueous layer was extracted with toluene (2 X 75 mL). The organic layers were combined 
and washed with water (50 mL) and brine (50 mL). The organic solution was dried with 
magnesium sulfate and filtered. The filtrate was concentrated under reduced pressure to 
afford a pale yellow solid (3.5 g). Recrystallization from ethanol gave 9,10-diphenyl 
-phenanthrene (II-3) (2.7 g, 75%) as white crystals. The properties of II-3 matched those 
reported in the literature.3 
 
m.p.: 238-240 oC (lit.3 238 oC) 
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1H NMR (400 MHz, CDCl3) δ: 8.82 (d, J = 8.4 Hz, 2H), 7.67 (t, J = 6.8 Hz, 2H), 7.57 (d, J 
= 9.6 Hz, 2H), 7.49 (t, J = 9.4 Hz, 2H), 7.14-7.26 (m, 10H)     
13C NMR (100 MHz, CDCl3) δ: 139.9, 137.6, 132.2, 131.5, 130.3, 128.0, 127.8, 126.8, 
126.6, 126.5, 122.7 
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2.6.3 9-Phenanthreneboronic acid (II-12) 
 
 
 
A solution of 9-bromophenanthrene (5.14 g, 20.0 mmol) in tetrahydrofuran (50 mL) 
was cooled to -78 oC under nitrogen, and n-butyllithium (28 mL, 44 mmol, 1.6 M in hexane) 
was added dropwise. After the addition, the solution was stirred at -78 oC for 45 min, and 
then triisopropylborate (7.52 g, 40.0 mmol) was added in one portion via syringe. The 
resulting mixture was stirred at -78 oC for 30 min and then at room temperature for 1 h. The 
solution was partitioned between 400 mL of diethyl ether and 200 mL of 10% HCl. The 
ether extract was washed with water (2 X 100 mL) and dried over magnesium sulfate. 
Evaporation of all the solvents under reduced pressure yielded a white solid. This was 
dried over P2O5 in a vacuum desiccator and then washed with cold ether and dried to give 
compound II-12 as a white solid (4.2 g, 94%). The properties of II-12 matched those 
reported in the literature.5 
 
m.p.: 228-230 oC (lit.5 230-233 oC) 
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1H NMR (400 MHz, DMSO-d6): δ 8.83 (d, J = 8.4 Hz, 1H), 8.81 (d, J = 8.0 Hz, 1H), 8.47 
(s, 2H), 8.38 (d, J = 8.0 Hz, 1H), 8.04 (s, 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.62-7.69 (m, 4H)  
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2.6.4 9-(Biphenyl-2-yl)phenanthrene (II-4) 
 
 
 
Into a oven-dried 25 mL round bottom flask equipped with a magnetic stir bar and a 
condenser under nitrogen were added 9-phenanthrylboronic acid (0.34 g, 1.5 mmol), 
2-bromobiphenyl (0.18 mL, 1 mmol), potassium carbonate (1.385 g, 10 mmol), 
tetrakis(triphenylphosphine)palladium(0) (0.1155 g, 0.1 mmol) and N,N-dimethyl- 
acetamide (15 mL). The reaction mixture was stirred and heated to 140 oC for 24 h. After 
cooling to room temperature, the solution was diluted with methylene chloride (100 mL), 
washed with water (50 mL) and brine (50 mL), then dried over magnesium sulfate, filtered 
and concentrated under reduced pressure. The residue was purified by silica gel 
chromatography with hexanes as an eluent. Compound II-4 was obtained as a white solid 
(0.30 g, 91%). 
m.p.: 111-113 oC  
HRMS (DART) m/z 331.1492, calcd for C26H18 [M+H]+: 331.1487 
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1H NMR (400 MHz, CDCl3) δ: 8.67 (d, J = 8.0 Hz, 1H), 8.65 (d, J = 8.0 Hz, 1H), 7.76 (d, 
J = 7.6 Hz, 1H), 7.66 (d, J = 8 Hz, 1H), 7.45-7.65 (m, 8H), 7.42 (t, J = 7.6 Hz, 1H), 7.16 
(m, 2H), 6.98 (m, 3H). 
 
13C NMR (100 MHz, CDCl3) δ:142.2, 141.5, 139.1, 138.2, 132.3, 132.1, 131.8, 131.6, 
131.5, 130.5, 130.4, 130.0, 129.0, 128.8, 128.7, 128.0, 127.8, 127.4, 127.2, 126.8, 126.6, 
126.5, 126.4, 126.3, 122.8, 122.6. 
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2.6.5 Flash Vacuum Pyrolysis of II-3 
 
 
 
Flash vacuum pyrolysis of II-3 was performed under similar condition at two 
different temperatures (1000 oC and 1100 oC). A fifty milligram sample of II-3 was 
slowly sublimed (4 h, sublimation oven: room temperature to 140 oC) into a gentle stream 
of nitrogen carrier gas under vacuum (0.51 mmHg) in a flash vacuum pyrolysis apparatus 
that has been described elsewhere in detail.5 The hot zone was maintained at a constant 
temperature (1000 oC and 1100 °C, respectively), and the products were collected in a trap 
cooled by liquid nitrogen. The crude pyrolysis product mixtures were dissolved in 
dichloromethane and analyzed by 1H NMR spectroscopy before any separation was 
attempted by chromatography. The mass of the recovered material relative to the mass of 
the starting material II-3 was 96% (1000 oC) and 96% (1100 oC).  The 1H NMR spectra of 
the products from FVP of II-3 showed that the starting material II-3 remained unchanged 
at 1000 oC, while there was 1 % product II-5 and some unknowns formed at 1100 oC.  
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2.6.6 Flash Vacuum Pyrolysis of II-4 
 
 
Flash vacuum pyrolysis of II-4 was performed under similar condition at two 
different temperatures (1000 oC and 1100 oC). A fifty milligram sample of II-4 was 
slowly sublimed (4 h, sublimation oven: room temperature to 85 oC) into a gentle stream of 
nitrogen carrier gas under vacuum (0.53 mmHg and 0.48 mmHg, respectively) in a flash 
vacuum pyrolysis apparatus that has been described elsewhere in detail.7 The hot zone was 
maintained at constant temperature (1000 oC and 1100 °C, respectively), and the products 
were collected in a trap cooled by liquid nitrogen. The crude pyrolysis product mixtures 
were dissolved in dichloromethane and analyzed by 1H NMR spectroscopy before any 
separation was attempted by chromatography. The mass of the recovered material relative 
to the mass of the starting II-4 varied from 92% (1000 oC) to 96% (1100 oC).  The 1H 
NMR spectra of the products from FVP of II-4 showed that little cyclodehydrogenation 
product II-5 (< 1%) was formed at 1000 oC, while 10% of product II-5 was produced at 
1100 oC.  
                                                 
7 Tsefrikas, V. M.; Scott, L. T. Chem. Rev. 2006, 106, 4868. 
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3.1 Introduction 
      An examination into the mechanism of thermal cyclodehydrogenations of 
[5]helicenes, to form 6-membered rings, showed that electrocyclic ring closure was the 
favored pathway. Cyclodehydrogenation of [5]helicene (III-1) forms a 6-membered ring 
III-2 relatively efficiently at elevated temperatures (Scheme 1): at 700 oC, remained 
unchanged; at 850 oC, the conversion is ca 50% complete; and at 1000 oC, 100% of the 
cyclodehydrogenation product.  
Scheme 1 
FVP
700 - 1000 oC
III-1 III-2  
A similar case was reported by Hagen using [9,9′]bifluorenylidene (III-3).1 The 
first cyclodehydrogenation of III-3 occurred at 800 oC (51% yield), while the second 
cyclodehydrogenation of III-4 was more difficult and yielded 0.6% of III-5 at 980 oC 
(Scheme 2). This discrepancy between the ease of the first and second ring closures may 
reflect a substantial relief of strain in the first step and an increase in strain in the second 
step. Compound III-3 is a good substrate to undergo the first cyclization step and 
derivatives of III-3 can be synthesized to test our three plausible mechanisms for the 
                                                        
1 Hagen, S.; Nuechter, U.; Nuechter, M.; Zimmermann, G. Polycyclic Aromat. Compd. 1995, 4, 209. 
 88
Cyclodehydrogenations of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene            Part I Chapter 3 
thermal cyclodehydrogenation reactions.  
Scheme 2 
 
 Scheme 3 outlines the first steps in the three mechanisms that could explain the 
thermal cyclodehydrogenation of bifluorenylidene III-3. Theoretical computations on 
these intermediates (UB3LYP/6-31G*) predict that the electrocyclic pathway is the 
lowest energy cost in the first step (41 kcal/mol).  
Scheme 3 
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3.2 Designed System and Three Proposed Mechanisms 
 Benzannulation of bifluorenylidene will produce two compounds III-6 and III-9 
that can undergo the thermal cyclodehydrogenation reaction to form 6-membered rings 
(Scheme 4). These two compounds have two choices to cyclize, for example, 
cyclodehydrogenation of III-6 can give two cyclization products: III-7 and III-8. The 
second cyclization will not occur at temperatures below 1000 oC. 
 
Scheme 4 
 
 
Using compounds III-6, III-9 and bifluorenylidene III-3, we hoped to discern 
which of the three plausible mechanisms is at work in these systems. The radical 
cyclization mechanism predicts that the reaction rates of cyclodehydrogenation will be 
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similar in all three compounds, because the differences in C-H bond dissociation energies 
on the rim of PAHs are governed almost entirely by the differences in steric effects.2  
The benzannulated ring of III-9 reduces the loss of aromaticity during the 
electrocyclization and should accelerate the reaction, whereas that of III-6 would be 
retarded by adding an extra ring, because of a greater loss of aromaticity (Scheme 5). The 
order of cyclodehydrogenations rates of these compounds should be III-6 < III-3 < III-9. 
The electrocyclization mechanism also predicts that III-6 will give III-7 < III-8 but III-9 
will give III-10 > III-11.   
 
Scheme 5 
 
      
The mechanism of 1,2-shift of hydrogen to generate a carbene has been 
previously shown in Scheme 3. Accordingly, in compounds III-3, III-6, and III-9 the 
hydrogen shift/carbene insertion mechanism for theses cyclodehydrogenations predicts 
that the benzannulated ring of III-6 reduces the loss of aromaticity during the hydrogen 
                                                        
2 Cioslowski, J.; Liu, G.; Martinov, M.; Piskorz, P.; Moncrieff, D. J. Am. Chem. Soc. 1996, 118, 5261. 
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shift and accelerates the reaction. Whereas, the rate of hydrogen shift in III-9 would be 
retarded by the addition of an extra ring, which would require more energy to break 
aromaticity (Scheme 6). The order of cyclodehydrogenations rates of these compounds 
are III-9 < III-3 < III-6. The carbene insertion mechanism also predicts that III-6 will 
give III-7 > III-8 but III-9 will give III-10 < III-11.  
 
Scheme 6   
 
 
Calculation (UB3LYP/6-31G*) on the plausible intermediates from the first steps 
in three mechanisms of cyclodehydrogenations of III-6 also showed some interesting 
predictions (Figure 1).    
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H
H
H
H
H
H
H
H
(a)
(b)
(c)
III-6-radical 1 III-6-radical 2
III-6-carbene 1 III-6-carbene 2
III-6-electrocyclic 1 III-6-electrocyclic 2
-1153.3766953 -1153.3767365
-1153.9395639
-1153.9817533 -1153.9954620
-1153.9314321
Erel = 0.03 kcal/mol Erel = 0.0 kcal/mol
Erel = 0.0 kcal/mol Erel = 5.1 kcal/mol
Erel = 0.0 kcal/molErel = 8.6 kcal/mol
 
Figure 1. Calculations on geometry optimization of III-6 FVP intermediates 
(UB3LYP/6-31G*): (a) radical (b) carbene (c) electrocyclic  
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Cyclization by the radical mechanism is predicted to occur on both sides of III-6, 
to give III-7 and III-8 in a 1:1 ratio, because the energy costs for the cleavage of C-H 
bonds in these positions are similar. Also the data from the carbene and electrocyclic 
intermediates matched our initial qualitative predictions. 
To test these predictions, compound III-6 was synthesized and studied under FVP 
conditions. The cyclodehydrogenation of III-6 should give III-7 and III-8 between 800 
to 1100 oC, with little to no second cyclization product III-12. The differences between 
the amounts of III-7 and III-8 formed will either reveal which mechanism is favored in 
this reaction, or disprove at least one of the two mechanisms.  
 
 
 
Before examining the initial FVP of III-6, we took note of the fact that III-3 can 
isomerize to give dibenzo[g,p]chrysene (III-13) at temperatures above 700°C in the gas 
phase.1 Because III-6 is similar to III-3, it would be expected also to isomerize, but in 
this case would afford dibenzo[f,s]picene (III-14) (Scheme 7). This side reaction was not 
expected to interface with our ability to determine the product ratio of III-7: III-8.  
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Scheme 7 
 
 
 
3.3 Synthesis of Designed Compounds 
    
9,9′-Bisfluorenylidene (III-3) was first synthesized in 1875 by Harpe3 and other 
syntheses have been reported since then.4 Our synthesis of III-3 was one step synthesis 
from fluorenone (III-15) by a titanium-mediated reductive coupling.5 The yield of the 
                                                        
3 C. de la Harpe, W. A. van Dorp, Ber. Dtsch. Chem. Ges. 1875, 8,1048. 
4 (a) Vanshaidt, A. A. J. Russ. Phys.-Chem. Soc. 1926, 58, 39. (b) Kuhn, R.; Winterstein, A. Helv. Chim. Acta 1928, 11, 116. (c) 
Miller, H. F.; Bachman, G. B. J. Am. Chem. Soc. 1935, 57, 766. (d) Weisburger, J. H.; Grantham, P. H. J. Org. Chem. 1956, 21, 1160. 
(e) Borowitz, I. J.; Anschel, M.; Readio, P. D. J. Org. Chem. 1971, 36, 553. (f) Fukunaga, K. Synthesis 1975, 7, 442. (g) Lai, Y.; Lee, 
S. Tetrahedron Lett. 1995, 36, 8679. (h) Gershonov, E.; Katz, E.; Karton, Y.; Zafrani, Y. Tetrahedron 2007, 63, 3762.  
5 (a) A. Fürstner, G. Seidel, Synthesis 1995, 63. (b) A. Fürstner, A. Hupperts, J. Am. Chem. Soc. 1995, 117, 4468. (c) P. Lemmen, D. 
Lenoir, Chem. Ber. 1984 117, 2300. (d) D. Lenoir, P. Lemmen, Chem. Ber 1980, 113, 3112. (e) J. E. McMurry, M. P. Fleming, K. L. 
Kees, L. R. Krepski, J. Org. Chem. 1978, 43, 3255. (f) J. E. McMurry, L. R. Krepski, J. Org. Chem. 1976, 41, 3929. (g) J. E. 
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expected product III-3 from the McMurry reaction varied, with our best yield being 95% 
(Scheme 8). 
 
Scheme 8 
 
 
       The synthesis of unsymmetrical bifluorenylidene III-6 from III-15 and 
7H-benzo[c]fluoren-7-one (III-16) using the McMurry reaction is likely to give low yield 
with other homo-coupling byproducts III-3 and III-17. In order to eliminate the problem 
of homo-coupling, a method by Agranat6 was employed (Scheme 9). Agranat has used 
Barton’s diazothione addition/two-fold extrusion method 7  to synthesize bistricyclic 
aromatic enes.   
  
 
                                                                                                                                                                     
McMurry, M. P. Fleming, J. Am. Chem. Soc. 1974, 96, 4708. 
6 Biedermann, P. U.; Stezowski, J. J.; Agranat, I. Chem. Eur. J. 2006, 12, 3345. 
7 (a) Barton, D.H. R.; Smith, E. H.; Willis, B. J. J. Chem. Soc. D 1970, 1226. (b) Barton, D. H. R.; Guziec, F. S. J.; Shahak, I. J. Chem. 
Soc. Perkin Trans.1 1974, 1794.   
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Scheme 9 
 
 
      The fluorenylidene type compound D (III-3 and III-6) could be synthesized by 
starting from the ketone A (III-15 and III-16). Ketone A could be condensed with 
hydrazine hydrate and then oxidized with yellow mercury oxide to give diazo compound 
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B. Ketone III-15 could then be converted to thione III-18 with Lawesson’s reagent8 and 
reacted with B in benzene to give intermediate thiirane C. The thiirane sulfur can be 
removed with triphenylphosphine in benzene to give the fluorenylidene D.9  
 
3.3.1 Synthesis of 9,9′-bifluorenylidene (III-3) 
 
9H-Fluoren-9-one (III-15) reacted with hydrazine monohydrate in refluxing 
anhydrous ethanol to give (9H-fluoren-9-ylidene)hydrazine (III-19) in 93%. The 
hydrazone was then oxidized with mercury oxide and anhydrous magnesium sulfate in 
anhydrous diethyl ether to form 9-diazo-9H-fluorene (III-20) in 98% yield (Scheme 10).  
 
Scheme 10 
 
 
9H-Fluoren-9-thione (III-18) was obtained from 9H-fluoren-9-one (III-15) by 
treating III-15 with Lawesson’s Reagent in benzene (Scheme 11). Compound III-18 was 
                                                        
8 Scheibye, S.; Shabana, R.; Lawesson, S. O. ; Romming, C. Tetrahedron 1982, 38, 993. 
9 Sidky, M. M.; Mahran, M. R.; Boulos, L. S. J. Prakt. Chem. 1970, 312, 51. 
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not stable, and dimerized quickly at room temperature, so III-18 was quickly taken on to 
the next reaction.  
 
Scheme 11 
 
 
Freshly made III-18 was reacted with III-20 in boiling benzene for 4 hours, and 
then treated with triphenylphosphine for another 3 hours to give 9,9′-bisfluorenylidene 
(III-3) in a 65% yield (Scheme 12).  
 
Scheme 12 
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3.3.2 Synthesis of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene (III-6) 
 
The successful synthesis of III-3 made it possible to realize the synthesis of III-6. 
Compound 7H-benzo[c]fluoren-7-one (III-16) was not commercial available. A recent 
synthesis was reported by Larock, however, using palladium catalyzed annulation of 
arynes by 2-iodonaphthaldehyde (III-22).10 Compound III-22 was prepared in a four step 
synthesis11 from the 2-bromonaphthaldehyde (III-23), which was obtained by previously 
reported procedures shown below. Koning12 reacted α-tetralone (III-24) with PBr3 and 
DMF in methylene chloride to give 1-bromo-3,4-dihydronaphthalene-2- carbaldehyde 
(III-25) in 70% yield. The resulting compound III-25 was oxidized with selenium 
powder in DMSO to give III-23 in 69% (Scheme 13). This route did not work well for us 
and was abandoned because of the toxicity of hydrogen selenide gas, which is evolved 
during the selenium oxidation.     
 
Scheme 13 
O Br
CHO
Br
CHO
III-24 III-25 III-23
PBr3, DMF
CH2Cl2
Se
DMSO
   
                                                        
10 Zhang, X.; Larock, R. C. Org. Lett. 2005, 7, 3973. 
11 Bogucki, D. E.; Charlton, J. L. J. Org. Chem. 1995, 60, 588. 
12 Moleele, S. S.; Michael, J. P.; Koning, C. B. Tetrahedron 2006, 62, 2831. 
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     Another pathway to III-23 was reported by Seguin13 from 1-bromo-2-methyl 
naphthalene (III-26). This three-step process successively involves benzylic radical 
dibromination to 1-bromo-2-(dibromomethyl)naphthalene (III-27), then hydrolysis to 
III-23 in 92% overall yield (Scheme 14). The starting material III-26 was easily 
synthesized from 2-methylnaphthalene (III-28) with Br2 and KOAc in acetic acid in 92% 
(Scheme 14).14   
Scheme 14 
Br Br Br
Br
CHO
Br
NBS, BPO
CCl4
1) AcOK/AcOH
2) HCl
III-23
III-26 III-27
Br2, AcOK/AcOH
III-28
   With the compound III-23 in hand, 2-iodonaphthaldehyde (III-22) was prepared in 
four steps in a 71% overall yield (Scheme 15). Aldehyde III-23 was protected with 
ethylene glycol to give III-29, which was then lithiated with n-BuLi, iodinated with I2, 
and deprotected with acid to give III-22.  
                                                        
13 Bongui, J. B.; Elomri,A.; Cahard, D.; Tillequin, F.; Pfeiffer, B.; Pierre, A.; Seguin, E. Chem. Pharm. Bull. 2005, 53, 1540. 
14 Pathak, R.; Nhlapo, J. M.; Govender, S.; Michael, J. P.; Otterlo, W. A. L.; Koning, C. B. Tetrahedron 2006, 62, 2820. 
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Scheme 15        
 
 
       Attempt dibromination of 1-iodo-2-methylnaphthalene (III-29, prepared from 
iodination of III-2815) failed, because it was difficult to separate mono-brominated III-30, 
di-brominated III-31, and de-iodinated III-32 (Scheme 16).  
 
Scheme 16 
 
 
        Larock’s procedure10 also required 2-(trimethylsilyl)phenyltrifluoromethane 
sulfonate (III-33), a commercially available material, which could easily be obtained 
from 2-bromophenol (III-34) (Scheme 17).16 2-Bromophenol (III-34) was heated with 
HMDS (hexamethyldisilazane) to give (2-bromophenoxy)trimethylsilane (III-35), which 
was then treated with n-BuLi at -100 oC, following added trifluoromethanesulfonic 
                                                        
15 Castanet, A. S.; Colobert, F.; Broutin, P. E. Tetrahedron Lett. 2002, 43, 5047. 
16 Pena, D.; Perez, D.; Guitian, E.; Castedo, L. J. Am. Chem. Soc. 1999, 121, 5827. 
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anhydride to produce III-33 in 65% yield.    
   
Scheme 17 
    
 
The synthesis of 7H-benzo[c]fluoren-7-one (III-16) was realized by the palladium 
catalyzed reaction between III-22 and III-33 (Scheme 18)10. Compound III-22 was 
treated with 5 equiv of silylaryl triflate III-33, 3 equivalents of CsF, 5 mol% Pd2(dba)3 
and 5 mol% P(o-tolyl)3 in a mixture of toluene and acetonitrile at 110 oC for 12 hours. 
This process afforded a 48% yield of III-16, which was lower than reported. The iodide 
is located on the sterically hindered 1 position of the naphthalene, thereby slowing the 
oxidative-addition to Pd and/or hindering aryne annulation. Also, benzyne trimerzation of 
III-33, to form the byproduct triphenylene, lowered the yield of III-16.  
  
Scheme 18 
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 Fortunately Larock also reported a synthesis of fluoren-9-ones via palladium 
catalyzed cyclocarbonylation of o-halobiaryls.17 7H-Benzo[c]fluoren-7-one (III-16) was 
formed from the reaction of 2-bromo-1-phenylnaphthalene (III-36) with 5 mol% 
Pd(PCy3)2 and 2 equivalents of anhydrous cesium carbonate in DMF under 1 atmosphere 
of carbon monoxide at 110 oC for 7 hours, to yield 96% (Scheme 19). 
 
Scheme 19 
Br
CO (1 atm)
Pd(PCy3)2, Cs2CO3
DMF, 110 oC
O
III-36 III-16  
    
 Compound III-36 was prepared in a four step synthesis by Wittig (Scheme 20).18 
α-Tetralone (III-24) was reacted with phenyl lithium in diethyl ether at 0 oC to afford 
III-37, which was treated with acetic acid/concentrated HBr and Br2 to form III-38. 
Finally oxidation with NBS in CCl4 gave III-36 with 54% overall yield. After repeating 
the synthesis of III-36, III-16 was synthesized using 5 mol% Pd2(dba)3, 20 mol% PCy3, 
and 2 equivalents of anhydrous cesium carbonate in DMF, under 1 atmosphere of carbon 
monoxide, at 110 oC for 28 hours (53% yield). 
                                                        
17 Campo, M.; Larock, R. Org. Lett. 2000, 2, 3675. 
18 Wittig, G.; Hellwinkel, D. Chem. Ber. 1964, 97, 769. 
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Scheme 20 
 
 
     7H-Benzo[c]fluoren-7-one (III-16) was treated with hydrazine monohydrate in 
refluxing ethanol (anhydrous) to give 7H-benzo[c]fluoren-7-ylidene)hydrazine (III-39) in 
94%. Oxidation of the hydrazone to the diazo compound was accomplished by oxidation 
with mercury oxide and anhydrous magnesium sulfate in anhydrous diethyl ether, to form 
7-diazo-7H-benzo[c]fluorene (III-40) in a 91% yield (Scheme 21).  
 
Scheme 21 
    
     Freshly prepared 9H-fluoren-9-thione (III-18) and III-40 were dissolved in 
benzene and refluxed for 5 hours. The deep-brown crude product was treated with triethyl 
phosphite and heated for another 2 hours to give III-6 in a 29% yield (Scheme 22). 
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Recrystallization from hexane afforded a dark brown crystalline solid, the X-ray crystal 
structure of which III-6 is shown below (Figure 2).   
 
Scheme 22 
 
The crystal structure shows that the molecule is twisted with a dihedral angle of 36o. 
The length of the C=C connecting the two fluorene parts is 1.372 Å. The crystal packing 
and stacking interactions among the molecules are shown in the center and lower parts of 
Figure 2. 
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Figure 2. X-ray crystal structure of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene (III-6) 
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3.4 Flash Vacuum Pyrolysis of Designed Compounds  
       The flash vacuum pyrolysis of 7H-benzo[c]fluoren-7-one (III-16) was 
performed on a 15 mg scale at 850 oC - 1000 oC, with a steady flow of nitrogen gas and a 
final pressure of 0.5 - 0.6 mmHg. The details for the FVP are similar to those described 
previously in chapter 1 and chapter 2; the FVP apparatus shown in Figure 3. The 
reactions were completed when all starting materials passed through the hot zone and 
condensed on the wall of the liquid nitrogen cooled trap. The crude pyrolysates were 
collected from the trap with generous methylene chloride washings. The 1H NMR 
spectrums were taken of the crude solid after evaporation of all solvents.  
 
 
 
Figure 3. FVP apparatus 
 
Initial FVPs were run at two temperatures: 850 oC and 1000 oC. The crude 
pyrolysates were collected and analyzed by 1H NMR, mass spectrometry and HPLC. The 
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1H NMR spectrum of the crude pyrolysate showed approximately 50% of the III-6 
survived at 850 oC, while no starting material remained at 1000 oC (Figure 4).  
 
1000 oC FVP 
850 oC FVP 
III-6 
Figure 4. Proton NMR: (1) FVP reaction of III-6 at 1000 oC; (2) FVP reaction of III-6 at 
850 oC; (3) starting material III-6. 
 
There are three expected FVP products, cyclization products (III-7 and III-8) and 
rearrangement product (III-14), as shown in Scheme 23. In these compounds (III-7, III-8 
and III-14), the new bay regions would be formed and the protons at these regions would 
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be down field compared with those in the starting material III-6. This prediction is 
confirmed by the 1H NMR spectra (Figure 4). However, more complicated peaks are 
shown in the spectra, and further identification is needed to differentiate these 
compounds. 
 
Scheme 23 
    
     The results from mass spectrometry also agreed with the proton NMR spectra. In 
he crude pyrolysate by HPLC showed similar results (Figure 5). 
No sta
 
 
the FVP at 850 oC, the major peak ([M+1]+ = 379) is from starting material III-6 (or the 
rearrangement product (III-14)), and the minor peak ([M+1]+ = 377) is from 
cyclodehydrogenation products (III-7 or III-8). In the FVP at 1000 oC, the major peak is 
[M+1]+ = 377,  from the cyclodehydrogenations. More peaks also were observed in the 
spectrum at lower m/z. 
The analysis of t
rting material remained and three major peaks were observed in the FVP at 1000 
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oC; these three peaks also appeared in the pyrolysate from of 850 oC, together with the 
starting material peak. Authentic samples of compounds III-7, III-8 and III-14 are 
needed to identify and obtain the ratio among these products.  
 
III-6 
 
(a) (b) 
Figure 5. HPLC analysis of FVP reaction of III-6 (a) at 850 oC; (b) at 1000 oC 
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3.5 Conclusions 
mpound 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene (III-6) was 
 
     A new co
designed to test three possible mechanisms. Compound III-6 was synthesized in seven 
steps in a 15 % overall yield. Two FVPs were conducted at 850 oC and 1000 oC. 
Cyclodehydrogenation products were observed, but further investigation is needed to 
decipher the results. 
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3.6 Experimental 
ts and chemicals are commercially available and were used without any 
purif
3.6.1 General 
All solven
ication unless specified. Proton NMR and carbon NMR were performed with a 
Unity INOVA 400AS NMR Spectrometer. Chemical shifts are reported in ppm downfield 
from tetramethylsilane with deuteriochloroform (δH = 7.26 ppm, δC = 77.23 ppm,) as the 
standard reference. Thin layer chromatography was performed on Sorbent Tech Silica G 
TLC plates.  For column chromatography, silica gel 32-63 μm was used. Gas 
Chromatograph-Mass Spectrometer (GC-MS) analysis was performed on a Thermo 
Finnigan Trace DSQ with Trace GC ultra. Mass spectrometry was performed on various 
TOF mass spectrometers; ionization methods included ESI, APPI, DART, and 
AP-MALDI, all of which are operating in either positive or negative ion modes. X-ray 
crystallographic analysis was performed on a Siemens 3-circle geometry platform 
diffractometer with an upgraded Bruker APEX CCD area detector, Mo radiation, and a 
video camera for easy crystal centering. An Olympus SZ1145 stereo zoom microscope is 
used to view and mount crystals. HPLC was run using a Waters 600 Delta and 2996 PDA 
detector with the C18 reverse-phase PAHs column, SUPELCOSIL™ LC-PAH HPLC 
Column, 5 μm particle size, length × I.D. 25 cm × 4.6 mm. Melting points are 
uncorrected.  
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3.6.2 (9H-Fluoren-9-ylidene)hydrazine (III-19)19 
    
 
 
 
Hydrazine hydrate (0.25 mL, 5.0 mmol) was added to a stirred suspension of 
9-flu
3) δ: 7.92 (d, J = 8.0 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.73 (d, 
                                                       
orenone (0.18 g, 1.0 mmol) in anhydrous ethanol (5 mL). The resulting mixture was 
refluxed for 4 h. Yellow crystals were obtained upon cooling, and these crystals were 
filtered and washed with cold methanol to yield 0.18 g (93%) of compound III-19. The 
properties of this material matched those reported in the literature.6 
 
1H NMR (400 MHz, CDCl
J = 8.0 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.45 (t, J = 7.2 Hz, 1H), 7.27-7.39 (m, 3H), 
6.41 (m, 2H).  
   
 
19 Synthesis of III-19, III-18, III-20 and III-3 followed the procedures reported in ref. 6. 
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3.6.3 9-Diazo-9H-fluorene (III-20)19 
 
                 
 
(9H-fluoren-9-ylidene)hydrazine (0.18 g, 0.93 mmol), anhydrous magnesium 
sulfate (0.1 g, 0.744 mmol), and yellow mercury oxide (0.335 g, 1.54 mmol) were ground 
to a powder using a mortar and transferred to a dry 25 mL round bottom flask equipped 
with a magnetic stir bar. Diethyl ether (5 mL) and potassium hydroxide in 0.5 mL ethanol 
(100%) were added into the flask, and the reaction mixture was stirred for 12 h. After 12 
h, the reaction was filtered, diluted with diethyl ether (2X50 mL), and washed with 10% 
HCl (50 mL) and brine (50 mL). The organic layer was dried over anhydrous magnesium 
sulfate, filtered and condensed under reduced pressure. Purification was accomplished by 
chromatography on a silica gel column with petroleum ether and toluene (4:1) as the 
eluents and yielded 0.174 g (98%) of III-20 as a red solid. The properties of this material 
matched those reported in the literature.6  
 
1H NMR (400 MHz, CDCl3) δ: 7.96 (d, J = 7.6 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.40 (t, 
J = 7.6 Hz, 2H), 7.33 (t, J = 7.6 Hz, 2H). 
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3.6.4 9H-fluorene-9-thione (III-18)19 
 
 
 
9-Fuorenone (0.91 g, 5.0 mmol), 2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadi 
-phosphetane 2,4-disulfide (1.01 g, 2.50 mmol, Lawesson’s Reagent) and 10 mL of 
anhydrous toluene were added into an oven-dried round-bottom flask equipped with a 
magnetic stir bar and a condenser. The reaction mixture was stirred for 1 h at 80 oC, 
cooled to room temperature and evaporated on to silica gel under reduced pressure. The 
crude reaction mixture was immediately purified by chromatography on silica gel column 
with petroleum ether as the eluent to yield compound III-18 as green crystals (0.45 g, 
46%). The compound III-18 dimerized in a short time and gave an orange solid. The 
properties of this material matched those reported in the literature.20  
 
m.p. 76-78 oC (lit.20 75oC) 
 
 
 
                                                        
20 Scheibye, S.; Shabana, R.; Lawesson, S.O.; Romming, C. Tetrahedron, 1982, 38, 993. 
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3.6.5 [9,9′]Bifluorenylidene (III-3)19  
  
N2 S
+
1) Benzene, Reflux
2) PPh3
 
 
9H-fluorene-9-thione (0.14 g, 0.71 mmol, freshly prepared) was dissolved in 
anhydrous benzene (3 mL) and added to a solution of 9-diazo-9H-fluorene (0.174 g, 0.91 
mmol) in benzene (dry, 3 mL) in a 25 mL round-bottom flask with a magnetic stir bar and 
a condenser under nitrogen. The reaction mixture was heated to reflux, and the color 
turned to dark orange. After 4 h stirring, the reaction was completed and cooled to room 
temperature. The solution was concentrated under reduced pressure, and the residue was 
dissolved in 5 mL of benzene; triphenylphosphine (0.061 g, 0.231 mmol) was added, and 
the reaction mixture was heated at reflux for another 3 h. The mixture was diluted with 
petroleum ether (50 mL) and washed with brine (50 mL). The organic layer was dried 
over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure. 
Purification was accomplished by chromatography on a silica gel column with petroleum 
ether and methylene chloride (95:1) as the eluents and yielded III-3 as a yellow solid 
(0.151 g, 65%). The properties of this material matched those reported in the literature.20  
 119
Cyclodehydrogenations of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene            Part I Chapter 3 
m.p. 188-190 (lit.21 188 oC) 
 
1H NMR (400 MHz, CDCl3) δ: 8.39 (d, J = 8.0 Hz, 4H), 7.71 (d, J = 7.6 Hz, 4H), 7.34 (t, 
J = 7.2 Hz, 4H), 7.21 (t, J = 7.6 Hz, 4H). 
 
13C NMR (100 MHz, CDCl3) δ: 141.5, 141.1, 138.4, 129.3, 127.0, 126.9, 120.0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        
21 Campaigne, E.; Reid, W. B. J. Am Chem. Soc. 1946, 68, 769 
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3.6.6 1-Phenyl-1,2,3,4-tetrahydronaphthalen-1-ol (III-37)22 
 
 
 
Into an oven-dried 50 mL round-bottom flask equipped with a magnetic stir bar 
under nitrogen was added α-tetralone (1.37 mL, 10.0 mmol), and the reaction mixture 
was cooled to 0 oC; phenyl lithium (6.2 mL, 11 mmol, 1.8 M in di-n-butyl ether) was 
added dropwise to the flask, and the resulting mixture was stirred for 2 h. After 2 h, the 
reaction mixture was warmed to room temperature. Water (20 mL) was added, and the 
mixture was stirred for another 2 h at room temperature. The solution was diluted with 
100 mL of diethyl ether and separated. The aqueous layer was extracted with 2 X 30 mL 
of diethyl ether. The combined organic layers were dried over anhydrous magnesium 
sulfate, filtered, and concentrated under reduced pressure. The crude product was purified 
by column chromatography on silica gel with hexanes and ethyl acetate (95:5) as the 
eluents, and compound III-37 was obtained as yellow oil (1.952 g, 87%). The properties 
of this material matched those reported in the literature.18 
 
                                                        
22 Synthesis of III-37, III-38 and III-6 followed the procedures reported in ref.18. 
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3.6.7 3-Bromo-4-phenyl-1,2-dihydronaphthalene (III-38)22 
 
 
 
Into a 50 mL round-bottom flask equipped with a magnetic stir bar and a condenser 
were added 1-phenyl-1,2,3,4-tetrahydronaphthalen-1-ol  (1.95 g, 8.70 mmol), acetic acid 
(10 mL) and concentrated hydrogen bromide (48%, 10 mL). The resulting solution was 
stirred and heated at reflux for 30 min. Bromine (0.46 mL, 8.7 mmol) and another 5 mL 
of acetic acid were transferred into the flask, and the resulting mixture was refluxed for 1 
h. The reaction mixture was then distilled to dryness. After cooling to room temperature, 
the residue was dissolved in methylene chloride (100 mL) and washed with sodium 
thiosulfate (10%, 50 mL), water (50 mL) and brine (50 mL). The organic layer was dried 
over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure. The 
residue was purified by column chromatography on silica gel with hexanes as the eluent 
and yielded compound III-38 as a yellow oil (1.48 g, 60%). The properties of this 
material matched those reported in the literature.18 
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3.6.8 2-Bromo-1-phenylnaphthalene (III-36)22 
 
 
 
Into a dry 100 mL round-bottom flask equipped with a magnetic stir bar and a 
condenser under nitrogen were added 3-bromo-4-phenyl-1,2-dihydronaphthalene (1.48 g, 
5.10 mmol), N-bromosuccinimide (1.81 g, 10.2 mmol) and carbon tetrachloride (30 mL). 
The reaction mixture was heated at reflux and stirred for 2 h. After cooling to room 
temperature, the reaction mixture was filtered, and concentrated under reduced pressure; 
the residue was purified by chromatography on silica gel column with hexanes as an 
eluent to afford 1.26 g (88%) of compound III-36 as a yellow oil. The properties of this 
material matched those reported in the literature.18 
 
1H NMR (400 MHz, CDCl3) δ: 7.86 (d, J = 8.0 Hz, 1H), 7.74 (s, 2H), 7.31-7.55 (m, 8H). 
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3.6.9 7H-benzo[c]fluoren-7-one (III-16)17 
 
 
 
2-Bromo-1-phenylnaphthalene (1.2 g, 3.5 mmol), anhydrous cesium carbonate 
(2.28 g, 7.00 mmol), Pd2(dba)3 ( 0.160 g, 0.175 mol), PCy3 (0.18 g, 0.70 mmol), and 
dimethylformamide (10 mL) were added into an oven-dried 50 mL round-bottom flask 
equipped with a Teflon-coated magnetic stir bar and stirred under an argon atmosphere at 
room temperature for 5 min. The reaction mixture was flushed with carbon monoxide for 
10 min and fitted with a CO filled balloon.  The mixture was vigorously stirred and 
heated at 110 oC for 28 h. After being cooled to room temperature, the mixture was 
diluted with diethyl ether (100 mL) and passed though a silica gel plug. The organic 
solution was washed with brine (50 mL), dried over anhydrous magnesium sulfate, 
filtered and condensed under reduced pressure. Purification by chromatography on silica 
gel column with hexanes and ethyl acetate (95:5) as the eluents yielded 0.424 g of III-16 
(53%) as orange crystals. The properties of this material matched those reported in the 
literature.17  
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m.p. 160-161oC (lit.23 mp 161-162oC) 
 
1H NMR (400 MHz, CDCl3) δ: 8.44 (d, J = 8.0 Hz, 1H), 7.98 (d, J =7.6 Hz, 1H), 7.85 (d, 
J = 7.6 Hz, 1H), 7.74 (d, J = 8.4 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.66 (d, J = 7.2 Hz, 
1H), 7.59 (t, J = 8.0 Hz, 1H), 7.55 (t, J = 7.2 Hz, 1H), 7.49 (t, J = 7.6 Hz, 1H), 7.29 (t, J = 
7.2 Hz, 1H).     
 
13C NMR (100 MHz, CDCl3) δ: 134.6, 130.0, 129.8, 128.8, 128.4, 127.9, 124.9, 124.2, 
123.5, 120.0. 
 
 
                                                        
23 (a) Fu, J.; Zhao, B.; Sharp, M. J.; Snieckus, V. J. Org. Chem. 1991, 56, 1683; (b) Harvey, R. G.; Abu-shqara, E.; Yang, C. J. Org. 
Chem. 1992, 57, 6313. 
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3.6.10 (7H-benzo[c]fluoren-7-ylidene)hydrazone (III-39) 
 
 
Hydrazine hydrate (0.05 mL, 1.0 mmol) was added to a stirred suspension of 
7H-benzo[c]fluoren-7-one (46 mg, 0.2 mmol) in anhydrous ethanol (2 mL). The resulting 
mixture was refluxed for 4 h. The yellow crystals obtained upon cooling, in an ice bath, 
were filtered and washed with cold methanol yielding the compound III-39 46 mg. 
(94%).  
m.p. 188-190 oC 
HRMS (DART, m/z): calcd C17H13N2 ([M+1]+), 245.1079; found 245.1090.  
 
1H NMR (400 MHz, CDCl3) δ: 8.66 (d, J = 7.6 Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 7.95 (d, 
J = 8.0 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.73 (d, J = 7.2 Hz, 
1H), 7.64 (t, J = 8.4 Hz, 1H), 7.55 (t, J = 7.6 Hz, 2H), 7.49 (t, J = 7.6 Hz, 1H), 7.37 (t, J = 
7.6 Hz, 1H), 5.63 (s, 2H).  
  
13C NMR (100 MHz, CDCl3) δ: 129.4, 129.3, 129.0, 127.2, 127.1, 126.0, 125.1, 124.2, 
123.2,122.6.                                                           
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3.6.11 7-Diazo-7H-benzo[c]fluorine (III-40) 
 
 
 
7H-benzo[c]fluoren-7-ylidene)hydrazone (23 mg, 0.10 mmol), anhydrous 
magnesium sulfate (12 mg, 0.1 mmol), and yellow mercury oxide (43 mg, 0.20 mmol) 
were ground using a mortar and transferred to a dry 15 mL round-bottom flask equipped 
with a magnetic stir bar. Diethyl ether (2 mL) and potassium hydroxide in 0.5 mL ethanol 
were added into the flask, and the reaction mixture was stirred for 24 h. After being 
filtered, the solution was diluted with diethyl ether (2 X 10 mL) and washed with 10% 
HCl (10 mL) and brine (20 mL). The organic layer was dried over anhydrous magnesium 
sulfate, filtered, and concentrated under reduced pressure. Purification was accomplished 
by column chromatography on silica gel with petroleum ether as the eluent and yielded 
22 mg (91%) of III-40 as a red solid.  
 
1H NMR (400 MHz, CDCl3) δ: 8.44 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 7.6 Hz, 1H), 7.85 (d, 
J = 8.0 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 7.66 (d, J = 8.4 Hz, 
1H), 7.60 (t, J = 8.0 Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.50 (t, J = 7.2 Hz, 1H), 7.29 (t, J = 
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7.6 Hz, 1H). 
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3.6.12 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene (III-6) 
 
 
 
9H-fluorene-9-thione (0.087 g, 0.44 mmol, freshly prepared) was dissolved in 
benzene (anhydrous, 5 mL) and was added to a solution of 7-diazo-7H-benzo[c]fluorine 
(0.98 g, 0.41 mmol) in benzene (anhydrous, 5 mL) in a 25 mL round-bottom flask with a 
magnetic stir bar and a condenser under nitrogen. The reaction mixture was heated at 
reflux, and the color turned to dark orange. After 5 h of stirring, the reaction was 
complete and cooled to room temperature. The solution was concentrated under reduced 
pressure, and the residue was dissolved in 5 mL benzene. Triethyl phosphite (0.072 mL, 
0.41 mmol) was added, and the mixture was heated at reflux for another 2 h. After 2 h, 
the mixture was diluted with petroleum ether (50 mL) and washed with brine (50 mL). 
The organic layer was dried over anhydrous magnesium sulfate, filtered, and 
concentrated under reduced pressure. Purification was accomplished by column 
chromatography on silica gel with petroleum ether as the eluent and yielded compound 
III-6 as a brown solid (0.045 g, 29%). X-ray quality crystals were grown by slowly 
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evaporating a solution of III-6 in hexanes.  
 
m.p. 181-183 oC 
 
HRMS (DART, m/z): calcd C30H19 ([M+1]+) 379.14868, found 379.14761. 
 
1H NMR (500 MHz, CDCl3) δ: 8.71 (d, J = 8.5 Hz, 1H), 8.47 (d, J = 7.5 Hz, 1H), 8.43 (d, 
J = 8.5 Hz, 1H), 8.39 (d, J = 8.0 Hz, 1H), 8.31 (d, J = 8.0 Hz, 1H), 8.29 (d, J = 8.0 Hz, 
1H), 7.87 (d, J = 8.0 Hz, 1H), 7.71 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.5 Hz, 1H), 7.62 (t, J 
= 8.5 Hz, 1H), 7.52 (t, J = 8.0 Hz, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 
7.34 (t, J = 7.5 Hz, 1H), 7.23 (m, 3H). 
 
13C NMR (100 MHz, CDCl3) δ: 142.2, 141.8, 141.6, 141.5, 139.2, 138.6, 138.5, 137.3, 
136.7, 135.0, 129.6, 129.5, 129.4, 129.3, 127.7, 127.4, 127.2, 127.1, 127.0, 126.8, 126.5, 
126.3, 124.6, 124.5, 123.3, 120.2, 120.1. 
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Atom labels for X-ray crystal data of III-6 
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          Table 1 Crystal data and structure refinement for III-6 
Identification code  III-6 
Empirical formula  C30 H18 
Formula weight  378.44 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  ? 
Space group  ? 
Unit cell dimensions a = 10.278(3) Å a= 90°. 
 b = 9.230(3) Å b= 96.837(5)°. 
 c = 20.259(6) Å g = 90°. 
Volume 1908.3(9) Å3 
Z 4 
Density (calculated) 1.317 Mg/m3 
Absorption coefficient 0.075 mm-1 
F(000) 792 
Crystal size 0.12 x 0.09 x 0.07 mm3 
Theta range for data collection 2.02 to 28.60°. 
Index ranges -13<=h<=13, -12<=k<=6, -26<=l<=27 
Reflections collected 14072 
Independent reflections 4815 [R(int) = 0.0498] 
Completeness to theta = 28.60° 98.4 %  
Max. and min. transmission 0.9948 and 0.9911 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4815 / 0 / 343 
Goodness-of-fit on F2 1.046 
Final R indices [I>2sigma(I)] R1 = 0.0594, wR2 = 0.1235 
R indices (all data) R1 = 0.0918, wR2 = 0.1383 
Largest diff. peak and hole 0.282 and -0.198 e.Å-3
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 Table 2.  Atomic coordinates ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for III-6.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________   
C(1) 4496(2) 8861(2) 2887(1) 28(1) 
C(2) 4629(2) 10155(2) 3238(1) 33(1) 
C(3) 4533(2) 10142(2) 3916(1) 40(1) 
C(4) 4268(2) 8872(3) 4240(1) 43(1) 
C(5) 4090(2) 7583(2) 3893(1) 37(1) 
C(6) 4208(2) 7576(2) 3217(1) 30(1) 
C(7) 3997(2) 6417(2) 2728(1) 30(1) 
C(8) 3849(2) 4935(2) 2808(1) 36(1) 
C(9) 3755(2) 4047(2) 2254(1) 39(1) 
C(10) 3839(2) 4628(2) 1629(1) 37(1) 
C(11) 4001(2) 6101(2) 1545(1) 33(1) 
C(12) 4045(2) 7015(2) 2092(1) 28(1) 
C(13) 4370(2) 8573(2) 2163(1) 27(1) 
C(14) 4501(2) 9541(2) 1661(1) 26(1) 
C(15) 3738(2) 9590(2) 1001(1) 27(1) 
C(16) 2626(2) 8767(2) 754(1) 30(1) 
C(17) 1962(2) 9109(2) 153(1) 34(1) 
C(18) 2330(2) 10303(2) -224(1) 32(1) 
C(19) 1637(2) 10629(2) -852(1) 40(1) 
C(20) 1958(2) 11798(3) -1209(1) 46(1) 
C(21) 2980(2) 12718(3) -950(1) 49(1) 
C(22) 3687(2) 12429(2) -349(1) 39(1) 
C(23) 3406(2) 11195(2) 30(1) 30(1) 
C(24) 4118(2) 10791(2) 651(1) 28(1) 
C(25) 5241(2) 11478(2) 1052(1) 28(1) 
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C(26) 6123(2) 12550(2) 911(1) 34(1) 
C(27) 7159(2) 12911(2) 1385(1) 39(1) 
C(28) 7349(2) 12189(2) 1989(1) 38(1) 
C(29) 6497(2) 11101(2) 2131(1) 35(1) 
C(30) 5422(2) 10766(2) 1673(1) 28(1) 
_______________________________________________________________________ 
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 Table 3   Bond lengths [Å] and angles [°] for III-6 
_______________________________________________________________________  
C(1)-C(2)  1.388(3) 
C(1)-C(6)  1.409(2) 
C(1)-C(13)  1.482(2) 
C(2)-C(3)  1.388(3) 
C(2)-H(2)  0.975(19) 
C(3)-C(4)  1.387(3) 
C(3)-H(3)  0.97(2) 
C(4)-C(5)  1.383(3) 
C(4)-H(4)  0.97(2) 
C(5)-C(6)  1.389(2) 
C(5)-H(5)  0.98(2) 
C(6)-C(7)  1.456(2) 
C(7)-C(8)  1.388(3) 
C(7)-C(12)  1.408(2) 
C(8)-C(9)  1.384(3) 
C(8)-H(8)  0.965(18) 
C(9)-C(10)  1.388(3) 
C(9)-H(9)  0.99(2) 
C(10)-C(11)  1.383(3) 
C(10)-H(10)  1.01(2) 
C(11)-C(12)  1.389(2) 
C(11)-H(11)  0.996(19) 
C(12)-C(13)  1.480(2) 
C(13)-C(14)  1.372(2) 
C(14)-C(15)  1.468(2) 
C(14)-C(30)  1.472(2) 
C(15)-C(24)  1.396(2) 
C(15)-C(16)  1.413(2) 
C(16)-C(17)  1.361(2) 
C(16)-H(16)  0.964(17) 
C(17)-C(18)  1.417(3) 
C(17)-H(17)  0.951(17) 
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C(18)-C(19)  1.414(2) 
C(18)-C(23)  1.425(3) 
C(19)-C(20)  1.362(3) 
C(19)-H(19)  1.03(2) 
C(20)-C(21)  1.403(3) 
C(20)-H(20)  1.04(2) 
C(21)-C(22)  1.368(3) 
C(21)-H(21)  1.03(2) 
C(22)-C(23)  1.423(3) 
C(22)-H(22)  1.06(2) 
C(23)-C(24)  1.427(2) 
C(24)-C(25)  1.474(2) 
C(25)-C(26)  1.395(2) 
C(25)-C(30)  1.411(2) 
C(26)-C(27)  1.388(3) 
C(26)-H(26)  1.02(2) 
C(27)-C(28)  1.386(3) 
C(27)-H(27)  1.006(19) 
C(28)-C(29)  1.385(3) 
C(28)-H(28)  0.98(2) 
C(29)-C(30)  1.391(2) 
C(29)-H(29)  0.986(19) 
 
C(2)-C(1)-C(6) 119.65(16) 
C(2)-C(1)-C(13) 130.76(16) 
C(6)-C(1)-C(13) 108.65(15) 
C(3)-C(2)-C(1) 119.01(18) 
C(3)-C(2)-H(2) 119.7(11) 
C(1)-C(2)-H(2) 121.3(11) 
C(4)-C(3)-C(2) 121.1(2) 
C(4)-C(3)-H(3) 119.3(11) 
C(2)-C(3)-H(3) 119.5(11) 
C(5)-C(4)-C(3) 120.46(18) 
C(5)-C(4)-H(4) 120.1(12) 
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C(3)-C(4)-H(4) 119.5(12) 
C(4)-C(5)-C(6) 118.95(19) 
C(4)-C(5)-H(5) 120.4(11) 
C(6)-C(5)-H(5) 120.6(11) 
C(5)-C(6)-C(1) 120.73(18) 
C(5)-C(6)-C(7) 130.50(17) 
C(1)-C(6)-C(7) 108.63(15) 
C(8)-C(7)-C(12) 120.62(17) 
C(8)-C(7)-C(6) 130.90(17) 
C(12)-C(7)-C(6) 108.36(15) 
C(9)-C(8)-C(7) 119.12(18) 
C(9)-C(8)-H(8) 121.8(11) 
C(7)-C(8)-H(8) 119.1(11) 
C(8)-C(9)-C(10) 120.42(19) 
C(8)-C(9)-H(9) 120.8(12) 
C(10)-C(9)-H(9) 118.8(12) 
C(11)-C(10)-C(9) 120.89(19) 
C(11)-C(10)-H(10) 120.0(11) 
C(9)-C(10)-H(10) 119.1(11) 
C(10)-C(11)-C(12) 119.43(18) 
C(10)-C(11)-H(11) 119.1(12) 
C(12)-C(11)-H(11) 121.4(12) 
C(11)-C(12)-C(7) 119.43(17) 
C(11)-C(12)-C(13) 130.72(16) 
C(7)-C(12)-C(13) 108.94(15) 
C(14)-C(13)-C(12) 127.02(15) 
C(14)-C(13)-C(1) 127.77(16) 
C(12)-C(13)-C(1) 105.19(14) 
C(13)-C(14)-C(15) 127.31(16) 
C(13)-C(14)-C(30) 127.36(15) 
C(15)-C(14)-C(30) 105.33(14) 
C(24)-C(15)-C(16) 120.67(16) 
C(24)-C(15)-C(14) 109.60(15) 
C(16)-C(15)-C(14) 128.88(15) 
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C(17)-C(16)-C(15) 119.40(17) 
C(17)-C(16)-H(16) 119.1(10) 
C(15)-C(16)-H(16) 121.5(10) 
C(16)-C(17)-C(18) 121.62(18) 
C(16)-C(17)-H(17) 116.7(10) 
C(18)-C(17)-H(17) 121.7(10) 
C(19)-C(18)-C(17) 120.72(18) 
C(19)-C(18)-C(23) 119.25(17) 
C(17)-C(18)-C(23) 120.03(16) 
C(20)-C(19)-C(18) 121.2(2) 
C(20)-C(19)-H(19) 120.7(11) 
C(18)-C(19)-H(19) 118.1(11) 
C(19)-C(20)-C(21) 119.93(19) 
C(19)-C(20)-H(20) 119.6(11) 
C(21)-C(20)-H(20) 120.4(11) 
C(22)-C(21)-C(20) 120.7(2) 
C(22)-C(21)-H(21) 121.1(13) 
C(20)-C(21)-H(21) 118.3(13) 
C(21)-C(22)-C(23) 121.1(2) 
C(21)-C(22)-H(22) 120.0(11) 
C(23)-C(22)-H(22) 118.9(11) 
C(22)-C(23)-C(18) 117.81(16) 
C(22)-C(23)-C(24) 124.69(17) 
C(18)-C(23)-C(24) 117.50(16) 
C(15)-C(24)-C(23) 120.66(16) 
C(15)-C(24)-C(25) 108.00(14) 
C(23)-C(24)-C(25) 131.27(16) 
C(26)-C(25)-C(30) 119.62(16) 
C(26)-C(25)-C(24) 132.61(16) 
C(30)-C(25)-C(24) 107.62(14) 
C(27)-C(26)-C(25) 119.47(18) 
C(27)-C(26)-H(26) 122.0(12) 
C(25)-C(26)-H(26) 118.5(12) 
C(28)-C(27)-C(26) 120.75(18) 
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C(28)-C(27)-H(27) 123.6(10) 
C(26)-C(27)-H(27) 115.7(10) 
C(29)-C(28)-C(27) 120.43(18) 
C(29)-C(28)-H(28) 119.3(12) 
C(27)-C(28)-H(28) 120.3(12) 
C(28)-C(29)-C(30) 119.61(18) 
C(28)-C(29)-H(29) 120.6(11) 
C(30)-C(29)-H(29) 119.8(11) 
C(29)-C(30)-C(25) 120.04(16) 
C(29)-C(30)-C(14) 129.79(16) 
C(25)-C(30)-C(14) 109.06(14) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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 Table 4   Anisotropic displacement parameters  (Å2x 103) for III-6.   
The anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  
+ 2 h k a* b* U12 ] 
________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
C(1) 23(1)  35(1) 25(1)  4(1) 0(1)  2(1) 
C(2) 30(1)  38(1) 30(1)  2(1) 0(1)  3(1) 
C(3) 42(1)  48(1) 30(1)  -7(1) -2(1)  5(1) 
C(4) 41(1)  64(2) 23(1)  4(1) 1(1)  5(1) 
C(5) 34(1)  48(1) 29(1)  12(1) 1(1)  2(1) 
C(6) 22(1)  38(1) 29(1)  7(1) 0(1)  4(1) 
C(7) 21(1)  34(1) 33(1)  7(1) 2(1)  1(1) 
C(8) 27(1)  39(1) 42(1)  14(1) 0(1)  -2(1) 
C(9) 29(1)  29(1) 57(1)  7(1) 0(1)  0(1) 
C(10) 30(1)  32(1) 50(1)  -5(1) 5(1)  3(1) 
C(11) 29(1)  34(1) 37(1)  -1(1) 6(1)  1(1) 
C(12) 23(1)  31(1) 31(1)  3(1) 2(1)  1(1) 
C(13) 24(1)  28(1) 28(1)  1(1) 2(1)  1(1) 
C(14) 26(1)  28(1) 25(1)  -2(1) 4(1)  2(1) 
C(15) 29(1)  28(1) 23(1)  -3(1) 4(1)  3(1) 
C(16) 34(1)  28(1) 27(1)  -2(1) 4(1)  -2(1) 
C(17) 34(1)  37(1) 32(1)  -6(1) 1(1)  -1(1) 
C(18) 36(1)  37(1) 24(1)  -2(1) 6(1)  8(1) 
C(19) 41(1)  50(1) 29(1)  0(1) -1(1)  8(1) 
C(20) 45(1)  61(1) 33(1)  11(1) 2(1)  13(1) 
C(21) 48(1)  56(1) 43(1)  20(1) 8(1)  6(1) 
C(22) 38(1)  44(1) 37(1)  10(1) 7(1)  2(1) 
C(23) 31(1)  33(1) 26(1)  0(1) 9(1)  7(1) 
C(24) 30(1)  29(1) 26(1)  -1(1) 9(1)  4(1) 
C(25) 30(1)  26(1) 29(1)  -2(1) 8(1)  4(1) 
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C(26) 37(1)  29(1) 39(1)  1(1) 13(1)  0(1) 
C(27) 36(1)  35(1) 49(1)  -2(1) 13(1)  -6(1) 
C(28) 31(1)  41(1) 42(1)  -6(1) 4(1)  -6(1) 
C(29) 34(1)  38(1) 32(1)  -1(1) 3(1)  0(1) 
C(30) 28(1)  28(1) 29(1)  -2(1) 6(1)  3(1) 
________________________________________________________________________ 
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 Table 5   Hydrogen coordinates ( x 104) and isotropic   
displacement parameters (Å2x 10 3) for III-6 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
H(2) 4769(17) 11070(20) 3016(9) 34(5) 
H(3) 4632(18) 11040(20) 4166(9) 38(5) 
H(4) 4197(19) 8890(20) 4714(10) 46(6) 
H(5) 3854(19) 6700(20) 4117(9) 40(5) 
H(8) 3823(18) 4550(20) 3249(9) 35(5) 
H(9) 3630(20) 2990(20) 2296(10) 48(6) 
H(10) 3763(18) 3960(20) 1231(10) 42(5) 
H(11) 4084(19) 6480(20) 1092(10) 45(6) 
H(16) 2337(16) 7955(19) 998(8) 21(4) 
H(17) 1225(17) 8522(18) 3(8) 25(4) 
H(19) 900(20) 9940(20) -1040(10) 47(6) 
H(20) 1447(19) 12000(20) -1671(10) 46(6) 
H(21) 3200(20) 13590(30) -1229(11) 67(7) 
H(22) 4420(20) 13160(20) -147(10) 50(6) 
H(26) 5990(20) 13040(20) 453(10) 47(6) 
H(27) 7753(18) 13700(20) 1255(9) 33(5) 
H(28) 8100(20) 12420(20) 2314(10) 46(6) 
H(29) 6661(18) 10540(20) 2548(9) 38(5) 
________________________________________________________________________ 
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 Table 6  Torsion angles [°] for III-6 
________________________________________________________________  
C(6)-C(1)-C(2)-C(3) 2.9(3) 
C(13)-C(1)-C(2)-C(3) 170.41(17) 
C(1)-C(2)-C(3)-C(4) -2.0(3) 
C(2)-C(3)-C(4)-C(5) -0.2(3) 
C(3)-C(4)-C(5)-C(6) 1.4(3) 
C(4)-C(5)-C(6)-C(1) -0.4(3) 
C(4)-C(5)-C(6)-C(7) -175.82(17) 
C(2)-C(1)-C(6)-C(5) -1.7(2) 
C(13)-C(1)-C(6)-C(5) -171.79(15) 
C(2)-C(1)-C(6)-C(7) 174.57(15) 
C(13)-C(1)-C(6)-C(7) 4.51(18) 
C(5)-C(6)-C(7)-C(8) -13.2(3) 
C(1)-C(6)-C(7)-C(8) 170.98(17) 
C(5)-C(6)-C(7)-C(12) 170.87(17) 
C(1)-C(6)-C(7)-C(12) -4.95(18) 
C(12)-C(7)-C(8)-C(9) 0.3(3) 
C(6)-C(7)-C(8)-C(9) -175.17(17) 
C(7)-C(8)-C(9)-C(10) 1.5(3) 
C(8)-C(9)-C(10)-C(11) -0.7(3) 
C(9)-C(10)-C(11)-C(12) -1.8(3) 
C(10)-C(11)-C(12)-C(7) 3.5(2) 
C(10)-C(11)-C(12)-C(13) 171.27(17) 
C(8)-C(7)-C(12)-C(11) -2.9(2) 
C(6)-C(7)-C(12)-C(11) 173.58(15) 
C(8)-C(7)-C(12)-C(13) -173.05(15) 
C(6)-C(7)-C(12)-C(13) 3.38(18) 
C(11)-C(12)-C(13)-C(14) 11.7(3) 
C(7)-C(12)-C(13)-C(14) -179.58(16) 
C(11)-C(12)-C(13)-C(1) -169.37(17) 
C(7)-C(12)-C(13)-C(1) -0.65(17) 
C(2)-C(1)-C(13)-C(14) 7.9(3) 
C(6)-C(1)-C(13)-C(14) 176.51(16) 
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C(2)-C(1)-C(13)-C(12) -170.98(17) 
C(6)-C(1)-C(13)-C(12) -2.41(17) 
C(12)-C(13)-C(14)-C(15) 36.1(3) 
C(1)-C(13)-C(14)-C(15) -142.63(17) 
C(12)-C(13)-C(14)-C(30) -144.98(17) 
C(1)-C(13)-C(14)-C(30) 36.3(3) 
C(13)-C(14)-C(15)-C(24) 176.40(16) 
C(30)-C(14)-C(15)-C(24) -2.74(18) 
C(13)-C(14)-C(15)-C(16) 7.0(3) 
C(30)-C(14)-C(15)-C(16) -172.11(16) 
C(24)-C(15)-C(16)-C(17) 3.4(2) 
C(14)-C(15)-C(16)-C(17) 171.71(17) 
C(15)-C(16)-C(17)-C(18) -2.2(3) 
C(16)-C(17)-C(18)-C(19) 179.21(17) 
C(16)-C(17)-C(18)-C(23) -1.0(3) 
C(17)-C(18)-C(19)-C(20) 178.07(18) 
C(23)-C(18)-C(19)-C(20) -1.7(3) 
C(18)-C(19)-C(20)-C(21) -1.0(3) 
C(19)-C(20)-C(21)-C(22) 2.0(3) 
C(20)-C(21)-C(22)-C(23) -0.1(3) 
C(21)-C(22)-C(23)-C(18) -2.6(3) 
C(21)-C(22)-C(23)-C(24) 178.09(18) 
C(19)-C(18)-C(23)-C(22) 3.4(2) 
C(17)-C(18)-C(23)-C(22) -176.36(16) 
C(19)-C(18)-C(23)-C(24) -177.17(16) 
C(17)-C(18)-C(23)-C(24) 3.0(2) 
C(16)-C(15)-C(24)-C(23) -1.2(2) 
C(14)-C(15)-C(24)-C(23) -171.63(14) 
C(16)-C(15)-C(24)-C(25) 176.06(14) 
C(14)-C(15)-C(24)-C(25) 5.66(18) 
C(22)-C(23)-C(24)-C(15) 177.43(16) 
C(18)-C(23)-C(24)-C(15) -1.9(2) 
C(22)-C(23)-C(24)-C(25) 0.8(3) 
C(18)-C(23)-C(24)-C(25) -178.51(16) 
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C(15)-C(24)-C(25)-C(26) 168.70(17) 
C(23)-C(24)-C(25)-C(26) -14.4(3) 
C(15)-C(24)-C(25)-C(30) -6.50(18) 
C(23)-C(24)-C(25)-C(30) 170.41(16) 
C(30)-C(25)-C(26)-C(27) -0.6(3) 
C(24)-C(25)-C(26)-C(27) -175.35(17) 
C(25)-C(26)-C(27)-C(28) 1.9(3) 
C(26)-C(27)-C(28)-C(29) -0.6(3) 
C(27)-C(28)-C(29)-C(30) -2.1(3) 
C(28)-C(29)-C(30)-C(25) 3.4(3) 
C(28)-C(29)-C(30)-C(14) 169.98(17) 
C(26)-C(25)-C(30)-C(29) -2.1(2) 
C(24)-C(25)-C(30)-C(29) 173.88(15) 
C(26)-C(25)-C(30)-C(14) -171.17(15) 
C(24)-C(25)-C(30)-C(14) 4.77(18) 
C(13)-C(14)-C(30)-C(29) 11.8(3) 
C(15)-C(14)-C(30)-C(29) -169.11(17) 
C(13)-C(14)-C(30)-C(25) 179.47(16) 
C(15)-C(14)-C(30)-C(25) -1.40(17) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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3.6.13 Flash Vacuum Pyrolysis of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene 
(III-6) 
 
 
Flash vacuum pyrolysis of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene (III-6) 
was performed under similar condition at two different temperatures (850 oC and 1000 oC, 
respectively). A sample of III-6 (16 mg and 9.0 mg, respectively) was slowly sublimed (5 
h, sublimation oven: room temperature to 240 oC) into a gentle stream of nitrogen carrier 
gas under vacuum (0.55 mmHg and 0.55 mmHg, respectively) in a flash vacuum 
pyrolysis apparatus that has been described in chapter 1 and chapter 2. The hot zone was 
maintained at constant temperature (850 oC and 1000 °C, respectively), and the products 
were collected in a trap cooled by liquid nitrogen. The crude pyrolysis product mixtures 
were dissolved in dichloromethane, and all the collected organic solvent was condensed 
under reduced pressure. The mass of the recovered material relative to the mass of the 
starting material are 63% (850 oC) and 76% (1000 oC). The mixture was analyzed by 1H 
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NMR spectroscopy before any separation was attempted by chromatography.  The 1H 
NMR spectra of the products from FVP of III-6 were shown as below. HPLC traces of 
both pyrolysis mixtures are shown in Figure 5. 
 157
Cyclodehydrogenations of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene            Part I Chapter 3 
 
7.
00
7.
50
8.
00
8.
50
9.
00
F
VP
+
+
III
-6
III
-1
4
III
-8
III
-7
85
0
o C
,0
.5
5
m
m
H
g
II
I-
6 
II
I-
6 
1 H
 N
M
R
 (4
00
 M
H
z,
 C
D
C
l 3)
 o
f I
II
-6
 F
V
P 
re
ac
tio
n 
at
 8
50
 o C
 
 158
Cyclodehydrogenations of 7-(9H-fluoren-9-ylidene)-7H-benzo[c]fluorene            Part I Chapter 3 
 
7.
50
8.
00
8.
50
9.
00
1 H
 N
M
R
 (5
00
 M
H
z,
 C
D
C
l 3)
 o
f I
II
-6
 F
V
P 
re
ac
tio
n 
at
 1
00
0 
o C
 
FV
P
+
+
III
-6
III
-1
4
III
-8
III
-7
10
00
o C
,0
.5
5
m
m
H
g
 159
  
 
 
 
Part II 
Cyclodehydrogenations to Form 5-Membered Rings 
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4.1 Introduction 
Our initial studies into the mechanism of C-C bond formation for high 
temperature cyclodehydrogenations of PAHs forming 6-membered ring have led us to 
explore also the formation of 5-membered rings. Of the three plausible mechanisms for 
thermal cyclodehydrogenations: radical cyclization, 1,2-hydrogen shift/carbene insertion 
and electrocyclic ring closure, the third one is energetically unreasonable for 
cyclodehydrogenations to form 5-membered rings. We will differentiate the first two 
mechanisms (radical cyclization and 1,2-hydrogen shift /carbene insertion) in the 
designed experiments.  
Cioslowski1 compared two different pathways for thermal cyclodehydrogenation of 
1-phenylnaphthalene (IV-1) to produce fluoranthene (IV-2) (Scheme 1). Both proposed 
pathways are based on theoretical calculations of a radical mechanism. An alternative 
carbene mechanism for cyclodehydrogenation under FVP conditions is proposed in 
Scheme 2.  
Scheme 1 
 
                                                        
1 Cioslowski, J.; Piskorz, P.; Moncrieff, D. J. Org. Chem. 1998, 63, 4051. 
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Scheme 2 
    
 
4.2 Designed Systems and Proposed Carbene Mechanism 
  
Our study of cyclodehydrogenations that form 5-membered rings begins by fusing a 
benzene ring onto the naphthalene ring of compound IV-1. The FVP reactions were run 
using substrates IV-3, IV-4, IV-6 and IV-7 (Scheme 3). 
 
Scheme 3 
FVP
- 2 H
FVP
- 2 H
FVP
- 2 H
FVP
- 2 H
IV-3 IV-4IV-5
IV-6 IV-8 IV-7
 
 162
Cyclodehydrogenations of Phenyl-Substituted Compounds          Part II Chapter 4 
     The cyclodehydrogenations of 9-phenylanthracene (IV-3) and 1-phenylanthracene 
(IV-4) under FVP conditions should both give benzo[a]fluoranthene (IV-5). Our 
proposed carbene mechanism predicts a slower cyclization of IV-4 than that of IV-3. The 
greater aromaticity loss in the 1,2-hydrogen shift step in IV-4 is due to the disruption of 
two aromatic rings, instead of only one. The radical cyclization mechanism, on the other 
hand, predicts that all cyclodehydrogenations forming 5-membered rings should go at 
similar rates (Scheme 4). The radicals on the perimeters of PAHs have been shown to 
differ very little in ΔHf, except for crowded regions (Scheme 4).2 
Scheme 4 
H H
Slower
H
H
H
Normal
..
..
(greater loss of aromaticity)
IV-3
IV-4
IV-5
 
 
Comparison of the homodesmic energy calculations (UB3LYP/6-31G**) between 
                                                        
2 Cioslowski, J.; Liu, G.; Martinov, M.; Piskorz, P.; Moncrieff, D. J. Am. Chem. Soc. 1996, 118, 5261. 
 163
Cyclodehydrogenations of Phenyl-Substituted Compounds          Part II Chapter 4 
IV-3 and IV-4 for these two possible pathways (radical and carbene) also support this 
prediction (Scheme 5). The 1,2-hydrogen shift/carbene insertion mechanism shows that 
the energy cost difference for breaking the aromaticity of the benzene rings is 4.4 
kcal/mol. This energy difference predicts the ratio of cyclodehydrogenation rates of these 
two compounds under FVP conditions (1100 oC, 0.1 mmHg) to be about 5:1 (IV-3: IV-4).  
For the radical cyclization pathway, these two compounds would be expected to show 
similar rates, due to the negligible energy cost difference of about 0.44 kcal/mol.  
 
Scheme 5 
+ +
Erxn= - 0.44 kcal/mol
+ +
Erxn= - 4.4 kcal/mol
H
H
H.. ..
IV-3
IV-3
IV-4
IV-4
       
 
A second pair of substrates was also studied, 9-phenylphenanthrene (IV-6) and 
1-phenylphenanthrene (IV-7). Following our initially proposed carbene mechanism, 
cyclodehydrogenations of compounds IV-6 and IV-7 would be expected show a rate 
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difference (Scheme 6). In 9-phenylphenanthrene (IV-6), a hydrogen 1,2-shift in the 
terminal ring of phenanthrene destroys the aromaticity of the benzene ring and retains an 
aromatic naphthalene nucleus. In the case of 1-phenylphenanthrene (IV-7), the hydrogen 
shift in the 9 and 10 positions of phenanthrene breaks the weakly aromatic central ring, 
retaining two aromatic benzene rings, making its cyclodehydrogenation faster than that of 
compound IV-6.     
 
Scheme 6   
 
 
The prediction is also supported by the calculation (UB3LYP/6-31G**) on the 
homodesmic energy comparisons between IV-6 and IV-7 (Scheme 7). The radical 
cyclization mechanism predicts an energy cost for cyclodehydrogenations of these two 
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compounds to be similar, with a difference around 0.003 kcal/mol. By contrast, there is a 
greater energy difference (6.6 kcal/mol) following the 1,2-hydrogen shift/carbene 
insertion mechanism.  
 
Scheme 7 
 
 
Our test experiments followed the initial proposals, and using the two pairs of 
substrates, we ran the cyclodehydrogenations under FVP conditions. Beginning with 50 
mg of each substrate (1:1 ratio), we ran the reaction and checked the ratio of starting 
material to products by 1H NMR spectroscopy, GC-MS and HPLC. A rate difference 
detected in these reactions would be taken as evidence in support of the proposed carbene 
mechanism. 
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4.2 Synthesis of Phenyl-Substituted Compounds 
 
Most of these phenyl-substituted compounds are not commercially available, 
except compound IV-3. Luckily these compounds can be prepared by short syntheses. 
The synthesis of 1-phenylanthracene (IV-4) was reported by House et al. in two steps.3 
The reaction of lithium diphenylcuprate with 1-iodo-9,10-anthraquinone gave 
1-phenyl-9,10-anthraquinone in 70% yield. Reduction with zinc dust in sodium 
hydroxide, followed by HCl workup, gave compound IV-4 in 73% yield. This group also 
reported another synthesis pathway in 12% yield (Scheme 8).4 
 
Scheme 8 
 
 
We used metal-catalyzed cross coupling to prepare compound IV-4 in one step 
(Scheme 9). Phenylmagnesium bromide and 1-chloroanthracene were coupled with a 
1,3-bis(diphenylphosphinopropane)nickel(II) chloride catalyst to give IV-4 in 97% yield. 
                                                        
3 House, H. O.; Koepsell, D. G.; Campbell, W. J.  J. Org. Chem. 1972, 37, 1003. 
4 House, H. O.; Ghali, N. I.; Haack, J. L.; VanDerveer, D.  J. Org. Chem. 1980, 45, 1807. 
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The starting material, 1-chloroanthracene, can be prepared from the reduction of 
1-chloroanthraquinone with zinc dust in sodium hydroxide solution.5  
 
Scheme 9 
 
 
      
The syntheses for 9-phenylphenanthrene (IV-6) was reported by Wood in 1988.6 
Wood ran a photolysis of triphenylethylene and iodine in cyclohexane to produce IV-6 in 
75% yield (Scheme 10). We used a Kumada cross coupling reaction to synthesize 
compound IV-6. The reaction gave IV-6 in 81% yield after work up (Scheme 11). 
 
Scheme 10 
 
 
                                                        
5 Moursounidis, J.; Wege, D.  Aust. J. Chem., 1988, 41, 235. 
6 Mallory, F. B.; Wood, C. S. Org. Syntheses, 1987, 45, 91. 
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Scheme 11 
5 mmol% Ni(dppp)Cl2
Et2O, reflux
Br PhMgBr
IV-681 %  
      
During the 1970’s, 1-phenylphenanthrene (IV-7) was prepared by a 
photocyclization-oxidation reaction.7 Hayward6a first reported the synthesis of IV-7 by 
irradiation of 1,8-diphenyl-1,3,5,7-octatetraene in benzene and iodine for 120 hours 
yielding only 2% product (Scheme 12). Later syntheses by photocyclization with 
different precursors were reported6b-d but with low yields. 
  
Scheme 12 
hv
2%
IV-7
I2,
 
                                                        
7 (a) Hayward, R. J.; Leznoff, C. C. Tetrahedron, 1971, 27, 5115. 
(b)Tinnemans, A. H. A.; Laarhoven, W. H. Tetrahedron Letters, 1973, 11, 817. 
  (c) Dickerman, S. C.; Zimmerman, I. J. Org. Chem., 1974, 39, 3429. 
 (d) Tinnemans, A. H. A.; Laarhoven, W. H. J. Chem. Soc., Perkin Transactions 2, 1976, 10, 1115.   
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     We used the same strategy as in the synthesis of compound IV-6; Kumada cross 
coupling reaction with 1-bromophenanthrene, phenylmagnesium bromide and Ni catalyst 
gave 1-phenylphenanthrene (IV-7) in 70% yield. The starting material, 
1-bromophenanthrene was prepared in two steps in an overall yield of 68%. The Wittig 
reaction between benzyltriphenylphosphonium bromide and 2-bromobenzaldehyde in 
10% sodium hydroxide solution gave (E) and (Z)-1-bromo-2-(2-styryl)benzene isomers 
(85%). A photocyclization of these products in cyclohexane yielded 
1-bromophenanthrene in 80% (Scheme 13).   
 
 Scheme 13 
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4.4 Flash Vacuum Pyrolysis of Phenyl-Substituted Compounds 
     The flash vacuum pyrolysis of phenyl-substituted phenanthrene and anthracene 
compounds was performed on a 50 mg scale at 1000-1100 oC, with a steady flow of 
nitrogen gas and a final pressure of 0.5-1.0 mmHg. The details for FVP are similar to 
those described in previous chapters; the FVP apparatus shown in Picture 1. The reactions 
were completed when all starting materials passed through the hot zone and condensed 
on the wall of the liquid nitrogen cooled trap. The crude pyrolysates were collected from 
the trap with generous methylene chloride washings. 1H NMR spectra were taken of the 
crude solid after evaporation of all solvents. The ratio among these products was obtained 
by quantitative analysis using 1H NMR, GC-MS and HPLC. 
 
Picture 1 
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4.4.1 Initial results 
The first test experiments on compounds IV-3 and IV-4 under FVP conditions were 
run at 1100 oC for 5 hours. There are three major products in the pyrolysate of IV-3: 
starting material IV-3, cyclodehydrogenation product: benzo[a]fluoranthene (IV-5) and 
anthracene (IV-9), from phenyl loss (Scheme 14). 1H NMR determined that 70% of 
compound IV-3 was unreacted, and 11% of IV-5 and 19% of IV-9 were produced. The 
yield of IV-5 includes the minor product benzo[a]acephenanthrylene (IV-10) from the 5/6 
ring swap rearrangement of IV-5 (Scheme 15).8 We consider compound IV-5 and IV-10 
both to arise from cyclodehydrogenation. 
 
Scheme 14 
 
 
 
 
                                                        
8 (a) Scott, L. T.; Roelofs, N.H., J. Am. Chem. Soc. 1987, 109, 5461. (b) Scott, L. T.; Roelofs, N.H. Tetrahedron Lett. 1988, 29, 
6857. (c) Scott, L. T. Pure Appl. Chem. 1996, 68, 291; (d) Necula, A.; Scott, L. T. J. Anal. Appl. Pyrolysis 2000, 54, 65. 
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Scheme 15 
 
   
Similar results for cyclodehydrogenation of IV-4 were found (Scheme 16): 89% 
starting material, 5% of cyclodehydrogenation product IV-5 and 6% phenyl loss product 
IV-9. In this case, there is no rearrangement product found in the mixture.   
 
Scheme 16 
 
 
     At 1050 oC, the FVP reactions of IV-3 and IV-4 also gave phenyl loss product IV-9, 
in yields of 16% and 5%, respectively within 3 hours. These ratios were determined from 
HPLC analysis. The detailed experimental data are shown in Table 1. As expected, the 
reaction conversion decreases with the temperature. Lower temperatures (<1050 oC) were 
not feasible for these studies because 94% of starting material remained in the pyrolysate 
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of IV-4.  
 
Table 1. FVP of 9-phenylanthracene (IV-3) and 1-phenylanthracene (IV-4). 
 
T1 
 oC 
T2 
oC 
Vac. 
(mmHg) 
Time 
(h) 
Starting 
material 
Anthracene Benzo[a] 
-fluoranthene 
IV-3 1100 80 1.0 5 70 19 11 
IV-4 1100 80 1.0 5 89 6 5 
IV-3 1050 90 0.65 1 81 16 3 
IV-3 1050 80 0.68 3 94 5 1 
Mix 1a 1050 80 1.0 2 30(1:10)b 50 20 
Mix 2a 1050 80 1.0 2 75(1: 1.4)b 20 5 
a: Mix 1: IV-3: IV-4=1: 1.27; Mix 2: IV-3:IV-4=1:0.7. The numbers for the compounds are based on 
100%. b: ratio of IV-3 : IV-4.  
      
      Mixtures of IV-3 and IV-4 in a 1:1 ratio (Table 1, entry Mix 1 and Mix 2) were 
also subjected to FVP conditions at 1050 oC for 2 hours. Using HPLC, the ratios of the 
products were determined. The major products formed are phenyl loss and 
cyclodehydrogenation products in a ratio of 2.5-4.0 : 1. From these experiments, IV-4 
does appear to cyclize more slowly than IV-3, but the dominance of phenyl loss makes it 
difficult to draw firm conclusion from the data.   
     FVP of 9-phenylphenanthrene (IV-6) at 1050 oC also showed the 
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cyclodehydrogenation product, benzo[b]fluoranthene (IV-8), and the phenyl lost product, 
phenanthrene (IV-11), as shown in Scheme 17. From the 1H NMR spectrum of the crude 
pyrolysate of IV-6, we found 28% of starting material, 52% of phenanthrene and 20% 
cyclodehydrogenation product. Thus, phenyl loss is also favored in this 
phenyl-substituted phenanthrene system. The cyclodehydrogenation reaction is also seen 
but is less favored than phenyl loss.  
  
Scheme 17 
FVP
+ +
IV-6 IV-8 IV-11IV-6  
 
Phenyl loss was an unanticipated problem and may be explained by a radical 
mechanism (Scheme 18); 1,2-hydrogen shift/carbene insertion mechanisms for thermal 
cyclodehydrogenations of compound IV-3 and IV-4 are shown in the top pathways. 
During the high temperature reaction, if hydrogen radicals form in the reaction, they may 
react with compounds IV-3 and IV-4, generating radical intermediates that could lose a 
phenyl radical to make anthracene. The ipso position may not be the most favorable site 
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for attachment of H·, but the overall energies are still reasonable. Working from this 
hypothesis, we attempted to minimize the concentration of the hydrogen radicals in the 
reaction, the details of which are discussed in the next section. 
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Scheme 18 
"H "
H
H
- Ph
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- Ph
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H
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IV-9  
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4.4.2 Modification of FVP to minimize phenyl group loss 
     We discovered a competing phenyl loss pathway in the cyclodehydrogenations. In 
order to continue studying our initial test case, we wanted to decrease the concentration 
of hydrogen radicals to minimize this pathway.  
     The controlled FVP conditions were applied at the same high temperature (T1 = 
1100 oC) and similar vacuum (1 mmHg). First we tried to slow down the sublimation rate 
in the hope that the lower concentration of substrates in the reaction zone would lower 
the H· concentration. We used different sublimation oven final temperatures (T2 = 60-90 
oC), changed the T2 increase rate (from room temperature to T2, 3-23 oC/minute) and 
varied the reaction time (0.5-12 hours). The data are shown at Table 2. After several 
repeated FVP reactions of IV-3 and IV-4, similar results were obtained. The best result 
was a product ratio of IV-5:IV-9 = 1:1 using T2 = 65 oC, a sublimation rate of 3 oC/ 10 
min, and a total time of 5 h (entry 5). Unfortunately, phenyl loss product can not be 
eliminated even under these optimal FVP conditions. 
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Table 2. FVP of 9-phenylanthracene (IV-3) and 1-phenylanthracene (IV-4) (1100 oC) 
T2 oC Reactiontime(h)
Vacuum
(mmHg) IV-3 IV-4 IV-9 IV-5
Entry
1. IV-3 75 (0.5h) 5 1.0 28% 52% 20%
2. IV-3 91 0.5 1.0 trace 83% 17%
3. IV-3 80 (1.5h) 5 1.0 58% 26% 16%
4. IV-3 70 (1.5h) 5 1.0 77% 13% 10%
5. IV-3 65 (2.0h) 5 1.0 95% 0.4%
4.6%
6. IV-4 70 (1.5h) 5 0.8 93% 4% 3%
7. IV-4 65 (2.0h) 5 0.8 94% 2% 4%
8. IV-3 63 (3.0h) 5 0.8 88% 9% 3%
9. IV-4 64 (3.0h) 5 0.7 96% 2% 2%
10. IV-3 67 (2.5h) 5 0.7 90% 5% 5%
11. IV-4 65 (2.5h) 5 0.7 95% 2.5% 2.5%
12. IV-3 66 (3.0h) 5 0.7 93% 4% 3%
13. IV-3 60 (2.0h) 5 1.0 91% 7% 2%
   
*The ratio was based on the HPLC analysis, assuming only starting material and the two 
products in the crude pyrolysate. 
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We used N2 as a carrier gas and tried adding a radical terminator to lower the 
concentration of the hydrogen radical. Toluene is well known as a hydrogen radical 
sponge,9 because the resulting benzyl radical is more stable than a hydrogen radical 
(Scheme 19). The N2 gas was bubbled through a toluene reservoir into the sublimation 
oven and hot zone (Scheme 20). The crude pyrolysate was trapped, collected and 
analyzed without any further purification. The product ratio was obtained from the HPLC 
analysis. FVP reactions of compound IV-3 and IV-4 gave similar results: 
cyclodehydrogenation product IV-5 and phenyl loss product IV-9 were obtained in a ratio 
of 1:4.5. The recovery of the starting materials was similar to previous runs.  
Scheme 19 
 
 
Scheme 20 
 
                                                        
9 Hagen, S.; Christoph, H.; Zimmermann, G. Tetrahedron 1995, 51, 6961.  
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     Further experiments focused on changing the vacuum inside the pyrolysis system. 
A pyrolysis was run under vacuum without N2, and a much better vacuum was realized at 
0.01 mmHg and 0.005 mmHg (Scheme 21). The higher vacuum with slow sublimation 
should give low concentrations of substrates, including the starting material and radical 
sources, and short contact time, minimizing the intermolecular reactions among these 
compounds. The reaction was run using compound IV-3 under FVP conditions: T1 = 
1100 oC, T2 = 75 oC, 2 oC/ 10 min, 4h, 0.01 mm Hg. The result showed 
cyclodehydrogenation product IV-5 and phenyl loss product IV-9 formed 1:1. A repeated 
run was carried out using compound IV-3, T1 = 1100 oC, T2 = 60 oC, 2 oC/10 min, 4h, 
0.005 mmHg. This time, more phenyl loss product was found in the mixture: IV-5: 
IV-9=1:1.8. A shortcoming of this method is that the starting material condensed on the 
sample chamber side due to lack of carrier gas. However, the result supports that view 
that the higher vacuum lowers the concentration of radical intermediates and minimizes 
the phenyl loss pathway.  
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Scheme 21 
POWER
A/M PARop1
op2
POWER
A/M PARop1
op2
Pump
T1T2
Sublimation
 
 
Exploration of controlled contact time also gave us a general understanding of 
how to minimize phenyl loss. Several reactions were run under N2 without vacuum at 
varying contact times (2, 181, 259 s). The pyrolysis apparatus is shown as in Scheme 22. 
 
Scheme 22 
 
      
Contact time is the amount of time that the gas phase compound passes through the 
hot reaction zone. It can be calculated as shown in Equation 1. The volume of the hot 
zone can be calculated from the diameter of the quartz tube and the length of the hot zone. 
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The flow rate of nitrogen was read from the gasmeter installed in line with the inlet. 
 
Eq. 1 
T contact time(s)
Vhotzone(mL)
Flow rate of N2 (mL/s)
=
 
 
     Three different contact times were run using compound IV-3 at 1100 oC. The first 
was run under N2 without vacuum at a high flow rate (87 mL/s). The FVP conditions 
were T2=120 oC, sublimation rate 3 oC/min for 6 hours, with a contact time of 2.0 s. 
Cyclodehydrogenation product IV-5 and phenyl loss product IV-9 were produced in a 
ratio of 1:13. The next two runs were operated at the same conditions except for the flow 
rates. At a flow rate of 1.0 mL/s and contact time of 181 s, cyclodehydrogenation product 
IV-5 and phenyl loss product IV-9 were produced in a 1:4 ratio. At a flow rate of 0.7 
mL/s and contact time of 259 s, the cyclodehydrogenation product, IV-5, is produced in 
trace amount; the phenyl loss product, IV-9, is 7%, and starting material is 93%. Under 
these conditions, the phenyl loss product is the major product, and the 
cyclodehydrogenation product is less than these runs with vacuum. The high contact time 
resulted in more phenyl loss, as predicted by our initial mechanism, because of sufficient 
reaction time for the intermolecular reactions. 
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From our explorations, we have learned that slow sublimation and medium 
reaction time help minimize phenyl loss, but we still cannot eliminate phenyl loss.  
 
4.5 Conclusion 
For the study of thermal cyclodehydrogenations to form 5-membered rings, we 
designed two pairs of phenyl-substituted PAHs. The rate differences between the two 
compounds were expected to distinguish which mechanism is favored under FVP 
conditions from our mechanistic research.  
The initial test experiments showed that phenyl loss products accompany the 
cyclodehydrogenation products. The dominance of this unforeseen fragmentation 
seriously compromised the original rate comparisons. The phenyl loss mechanism is 
believed to involve radical intermediates, but variables to minimize the phenyl loss, such 
as slower sublimation rate, incorporation of a radical sponge, and higher vacuum were 
not successful in eliminating the problem. New substrates were needed for testing, and 
these will be discussed in the next chapter. 
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4.6 Experimental 
4.6.1 General 
    All solvents and chemicals are commercially available and were used without any 
purification unless specified. Proton NMR and carbon NMR were performed with a 
Unity INOVA 400AS NMR Spectrometer. Chemical shifts are reported in ppm downfield 
from tetramethylsilane with deuteriochloroform (δH = 7.26 ppm, δC = 77.23 ppm,) as the 
standard reference. Thin layer chromatography was performed on Sorbent Tech Silica G 
TLC plate.  For column chromatography, silica gel 32-63 μm was used. Gas 
Chromatograph-Mass Spectrometry (GC-MS) analysis was performed on a Thermo 
Finnigan Trace DSQ with Trace GC ultra. Mass spectrometry was performed on various 
TOF mass spectrometers; ionization methods included ESI, APPI, DART, and 
AP-MALDI, all of which are operating in either positive or negative ion modes. HPLC 
was run using a Waters 600 Delta and 2996 PDA detector with the C18 reverse-phase 
PAHs column, SUPELCOSIL™ LC-PAH HPLC Column, 5 μm particle size, length × I.D. 
25 cm × 4.6 mm. Melting points are uncorrected. 
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4.6.2 1-Chloroanthracene (IV-9) 
 
 
 
To a suspension of 1-chloroanthracene-9,10-dione (8.0 g, 0.033 mol) and zinc dust 
(16.0 g, 0.245 mol) in 120 mL water was added 160 mL of 2.5 M sodium hydroxide 
solution. The mixture was stirred under reflux under a nitrogen atmosphere for 18 h, then 
cooled to room temperature and acidified with 2 M hydrochloric acid and extracted with 
ethyl acetate. The extracts were washed with brine and dried with magnesium sulfate, and 
the solvent was concentrated under reduced pressure. The yellow solid was purified by 
column chromatography on silica gel using hexanes as an eluent. The first fraction was 
collected and concentrated and recrystallized from ethanol to give 1-chloroanthracene 
(I-9) as yellow needles (2.5 g, 36%). The 1H NMR spectrum of the product matched the 
reported spectrum.5 
 
m.p. 82-84 oC (lit.10 81 oC)  
  
                                                        
10 Gore, P. H. J. Chem. Soc. 1959, 161. 
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1H NMR (400 MHz, CDCl3) δ: 8.83 (s, 1H), 8.42 (s, 1H), 8.10 (m, 1H), 8.02 (m, 1H), 
7.92 (d, J = 8.4 Hz, 1H), 7.58 (d, J = 7.2 Hz, 1H), 7.52 (m, 2H), 7.36 (dd, J = 8.4 Hz, 7.2 
Hz, 1H). 
 
13C NMR (100 MHz, CDCl3) δ: 132.5, 132.3, 132.2, 132.1, 129.2, 128.8, 128.0, 127.7, 
127.0, 126.4, 126.2, 125.5, 124.9, 123.7. 
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4.6.3 1-Phenylanthracene (IV-4) 
 
 
 
   To a flame-dried two-neck 25 mL flask equipped with a magnetic stirrer under 
nitrogen gas was added 1-chloroanthracene (0.0851 g, 0.4 mmol), 1, 
3-bis(diphenylphosphinopropane) nickel(II) chloride (0.0109 g, 0.02 mmol), anhydrous 
diethyl ether (10 mL) and a solution of phenyl magnesium bromide (0.5 mL, 1.0 M in 
tetrahydrofuran, 0.5 mmol). The solution was heated to reflux for 2 h, and then allowed 
to cool to room temperature; the mixture was then poured over an ice/HCl mixture. The 
organic layer was diluted with 40 mL of diethyl ether, then washed with water and 
saturated sodium bicarbonate solution. The solvent was removed under reduced pressure 
to give the crude product. Purification with flash column chromatography on silica gel 
with hexanes gave 1-phenylanthracene (IV-4) (0.0986 g, 97%). The 1H NMR spectrum 
of the product matched the reported spectrum.11 
 
                                                        
11 House, H. O.; Koepsell, D. G.; Campbell, W. J. J. of Org. Chem. 1972, 37, 1003. 
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m.p. 117-119 oC (lit.12 116-117 oC) 
 
1H NMR (400 MHz, CDCl3) δ: 8.49 (d, J = 6.8 Hz, 2H), 8.38 (m, 2H), 7.90 (d, J = 8.4 Hz, 
1H), 7.40-7.64 (m, 9H) 
 
13C NMR (100 MHz, CDCl3) δ: 141.1, 140.4, 132.2, 131.9, 131.6, 130.5, 130.3, 128.8, 
128.5, 128.2, 128.1, 127.5, 126.7, 125.7, 125.4, 125.2, 125.1 
 
                                 
 
 
 
 
 
 
 
 
 
 
                                                        
12 Dickerman, S. C.; Souza, D. D.; Wolf, P. J. Org. Chem., 1965, 80, 1981. 
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4.6.4 9-Phenylphenanthrene (IV-6) 
 
 
 
To a flame-dried two-neck 25 mL flask equipped with a magnetic stirrer under 
nitrogen gas was added 9-bromophenanthrene (0.5143 g, 2 mmol), 1, 
3-bis(diphenylphosphinopropane) nickel(II) chloride (0.0543 g, 0.1 mmol), anhydrous 
diethyl ether (10 mL), and a solution of phenyl magnesium bromide (3 mL, 1.0 M in 
tetrahydrofuran, 3.0 mmol). The solution was heated to reflux for 2 h, and then allowed 
to cool to room temperature; the mixture was then poured over an ice/HCl mixture. The 
organic layer was diluted with 40 mL of diethyl ether, then washed with water (2 X 50 
mL) and saturated sodium bicarbonate solution (50 mL). Removal of the solvent under 
reduced pressure gave the crude product. Recrystallization from ethanol gave white 
crystals of 9-phenylphenanthrene (0.410 g, 81%). The 1H NMR spectrum of the product 
matched the reported spectrum.13 
 
                                                        
13 Koussini, R.; Lapouyade, R.; de Violetlb, P. F. J. Am. Chem. Soc. 1978, 100, 6679-6683 
 
 194
Cyclodehydrogenations of Phenyl-Substituted Compounds          Part II Chapter 4 
m.p. 102-104 oC (lit.12 104 oC) 
 
1H NMR (400MHz, CDCl3) δ: 8.81 (d, J = 8.0 Hz, 1H), 8.76 (d, J = 8.4 Hz, 1H), 7.96 (d, 
J = 8.4 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.48-7.74 (m, 10H).  
 
13C NMR (100 MHz, CDCl3) δ: 140.96, 138.93, 131.73, 131.31, 130.79, 130.30, 130.22, 
130.13, 128.81, 128.45, 127.66, 127.51, 127.09, 126.99, 126.65, 126.60, 123.06, 122.69. 
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4.6.5 (Z) and (E)-1-bromo-2-(2-styryl)benzene (IV-12) 
 
         
 
 
Benzyl bromide (3.4208 g, 20 mmol) and triphenylphosphine (5.2456 g, 20 mmol) 
were added to 50 mL of toluene solution in a 100 mL round-bottomed flask. The mixture 
was stirred and heated to reflux for 1 h. After cooling to room temperature, the reaction 
mixture was filtered to yield benzyltriphenylphosphonium bromide (8.03g, 93%) as white 
crystals. 
2-Bromobenzaldehyde (1.17 mL, 10 mmol) and benzyltriphenylphosphonium 
bromide (4.33 g, 10 mmol) were dissolved in 40 mL of methylene chloride. To this stirred 
solution was slowly added 40 mL of 10 % aqueous sodium hydroxide. The heterogeneous 
solution was stirred at room temperature for 12 h, diluted with methylene chloride (50 
mL), and then was washed with water (2 X 50 mL) and brine (50 mL). The organic layer 
was separated, dried over anhydrous magnesium sulfate, and filtered, and the solvent was 
removed under reduced pressure. The crude product was absorbed onto silica gel and 
passed through a short pad of silica gel using hexanes as an eluent. Removal of solvent 
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under reduced pressure afforded colorless oil as (E) and (Z) 
-1-bromo-2-(2-styryl)benzene isomers (2.23 g, 86 %). 
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4.6.6 1-Bromophenanthrene (IV-13) 
 
      
 
A cyclohexane (700 mL) solution containing (Z) and (E) 
-1-bromo-2-(2-styryl)benzene (0.570 g, 2.20 mmol) and iodine (0.614 g, 2.42 mmol) in a 
quartz vessel was purged for 25 min with nitrogen gas. Propylene oxide (60 mL, excess) 
was added, and the solution was photolyzed for 30 h in a Rayonet photochemical 
apparatus equipped with 13 254 nm 35W mercury lamps. Upon reaction completion, the 
reaction mixture was concentrated to 100 mL under reduced pressure and washed with 10 
% aqueous sodium thiosulfate (50 mL) and water (3 X 100 mL). The organic layer was 
passed through a short silica gel plug and then purified by chromatography on silica gel 
with hexanes as an eluent, yielding a yellow solid (0.45 g, 80 %). Recrystallization from 
hot methanol gave an off-white solid (0.30 g, 53%). The 1H NMR spectrum of the 
product matched the reported spectrum.14 
 
m.p. 113-114 oC (lit.15 109.5-110oC) 
                                                        
14 Rice, J. E.; Cai, Z.-W. J. Org. Chem. 1993, 58, 1415. 
15 Bachmann, W. E.; Boatner, Charlotte H. J. Am. Chem. Soc. 1936, 58, 2194. 
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1H NMR (400MHz, CDCl3) δ: 8.69 (d, J = 8.0 Hz, 2H), 8.22 (d, J = 9.2 Hz, 1H), 
7.85-7.94 (m, 3H), 7.63-7.72 (m, 2H), 7.50 (t, J = 7.6 Hz, 1H) 
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4.6.7 1-Phenylphenanthrene (IV-7) 
     
        
Br 5 mmol% Ni(dppp)Cl2
PhMgBr
Et2O, Reflux  
 
To a flame-dried 50 mL round bottom flask under nitrogen was added 
1-bromophenanthrene (0.1 g, 0.39 mmol), 1,3-bis(diphenylphosphinopropane)nickel (II) 
chloride (21 mg, 0.039 mmol), anhydrous diethyl ether (15 mL), and phenyl magnesium 
bromide (0.2 mL, 3.0 M solution in diethyl ether, 6.0 mmol). The resulting pink solution 
was stirred and heated to reflux for two h. After being allowed to cool to room 
temperature, the reaction mixture was poured over an ice/HCl solution. The organic layer 
was diluted with 75 mL of diethyl ether, washed with water (2 X 50 mL) and saturated 
sodium bicarbonate (50 mL). The resulting solution was then dried over anhydrous 
magnesium sulfate and filtered, and the solvent was removed under reduced pressure to 
give 69 mg (70 %) of 1-phenylphenanthrene (IV-7) as a white solid. Recrystallization 
from ethanol gave colorless crystals. 
 
m.p. 80-82 oC (lit.16 79-79.5 oC)  
HRMS (DART): m/z 255.1163, calcd for C20H14[M+1]+: 255.1174 
                                                        
16 Bachmann, W. E.; Wilds, A. L.  J. Am. Chem. Soc. 1938, 60, 624. 
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1H NMR (400MHz, CDCl3) δ: 8.76 (d, J =8.4 Hz, 1H), 8.75 (d, J = 8.0 Hz, 1H), 7.88 (d, 
J = 8.0 Hz, 1H), 7.81 (d, J = 9.6 Hz, 1H), 7.42-7.73 (m, 10H). 
 
13C NMR (100MHz, CDCl3) δ: 141.5, 131.9, 130.8, 130.6, 130.4, 130.1, 128.9, 128.6, 
128.4, 128.0, 127.6, 127.5, 127.3, 127.0, 126.8, 126.3, 126.0, 124.8, 123.1, 122.3.  
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4.6.8 Flash vacuum pyrolysis of 9-phenylanthracene (IV-3) 
 
  
Flash vacuum pyrolysis of 9-phenylanthracene (IV-3) was performed under a range 
of conditions at two different temperatures (1000 oC and 1100 oC). A fifty milligram 
sample of IV-3 was slowly sublimed into a gentle stream of nitrogen carrier gas under 
vacuum in a flash vacuum pyrolysis apparatus that has been described in previous 
chapters. The hot zone was maintained at a constant temperature (1050 oC and 1100 °C, 
respectively), and the products were collected in a trap cooled by liquid nitrogen. The 
crude pyrolysis product mixtures were dissolved in dichloromethane and analyzed by 1H 
NMR spectroscopy before any separation was attempted by chromatography. The mass of 
the recovered material relative to the mass of the starting materials varied from 20% – 
96%. The FVP results of IV-3 from these experiments, as well as those of IV-4 and IV-6, 
are summarized in Tables 1 and 2.   
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5.1 Introduction      
In Chapter 4, the thermal cyclodehydrogenations of phenyl-substituted anthracene 
and phenanthrene were performed using flash vacuum pyrolysis (FVP) conditions. We 
considered two feasible mechanisms in these reactions: radical cyclization and 
1,2-hydrogen shift/carbene insertion. The FVP products obtained are a result of phenyl 
loss and cyclodehydrogenation. Phenyl loss is believed to involve radical intermediates, 
and it appears in all the reactions. After several attempts, it was determined that there is 
no good way to eliminate phenyl loss under the current FVP conditions. It was then 
concluded that phenyl-substituted substrates are not suitable for exploring the validity of 
our proposed carbene mechanism. We would need to search for new test molecules.  
Thinking back to the initially proposed 1,2-hydrogen shift/carbene insertion mechanism 
(Scheme 1), phenylnaphthalene was used as the test compound. In Scheme 2, phenyl 
substituted anthracenes (A) and phenanthrenes (B) are formally derived from the parent 
compound by fusing an additional benzene ring at varied positions on the naphthalene.   
 
Scheme 1   
H 1,2-H shift Carbene
H
H H
H H
-2 H
insertion
V-1 V-2
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Scheme 2 
 
          
     
 Considering that the new substrates need to form 5-membered rings under FVP 
conditions while avoiding phenyl loss, [4]helicene 1 (V-3) looked like a promising 
candidate. From its structure, a fused benzene ring connects the phenyl and naphthalene 
substituents, eliminating the phenyl loss problem (Scheme 2, C). In this structure, the 
cove region will cyclize to form the new 5-membered ring under FVP conditions. 
 
 
Scheme 3 
 
 
                                                        
1 IUPAC name of [4]helicene: benzo[c]phenanthrene. 
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 Our group first discovered the cyclodehydrogenation of V-2 to give 
benzo[ghi]fluoranthene (V-4) at high temperature in the early 1990s (Scheme 3). 2  
Later ,Jenneskens et al. reported the same reaction at various higher temperatures 
(950-1150 oC).3 At temperatures over 1050 oC, or with longer contact time, the initial 
product (V-4) undergoes a secondary 5/6-ring swap rearrangement to the more stable 
isomer, cyclopenta[cd]pyrene (V-5) (Scheme 4).4 
 
Scheme 4 
  
      
 As mentioned in Chapter 4, in studies of similar cases, rearrangement products are 
only formed from the cyclodehydrogenation products, such that the formation of  
compound V-5 must proceed through the V-4 intermediate. Therefore, the sum of (V-4) + 
(V-5) together will be used as the total amount of cyclodehydrogenation product.  
                                                        
2 Necula, A. Ph.D. dissertation, Boston College, Chestnut Hill, MA, 1996. 
3 Sarobe, M.; Jenneskens, L. W.; Wiersum, U. E. Tetrahedron Lett. 1996, 37, 1121. 
4 (a) Scott, L. T.; Roelofs, N.H., J. Am. Chem. Soc. 1987, 109, 5461. (b) Scott, L. T.; Roelofs, N.H. Tetrahedron Lett. 1988, 29, 6857. 
(c) Scott, L. T. Pure Appl. Chem. 1996, 68, 291. (d) Necula, A.; Scott, L. T. J. Anal. Appl. Pyrolysis 2000, 54, 65. 
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     Computational studies on the thermal cyclodehydrogenation of V-3 to V-4 have 
been reported by Violi.5 Several pathways were studied, including unimolecular and 
bimolecular pathways. Two unimolecular pathways coincide with our two initially 
proposed mechanisms for the cyclodehydrogenation to form 5-membered rings. The first 
mechanism begins with homolytic cleavage of a cove region C-H bond (BDE = 103 
kcal/mol) to generate an aryl radical, while the other is initiated by the formation of a 
carbene intermediate via a 1,2-hydrogen shift (ΔEcalc = 81 kcal/mol). Both pathways 
include cyclization and loss of hydrogen (Scheme 5).   
 
Scheme 5 
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5 Violi, A. J. Phys. Chem. A 2005, 109, 7781. 
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     The energy cost of unimolecular cleavage of a cove region C-H bond to generate a 
radical is 103 kcal/mol at the UB3LYP/6-31G** level of theory,5 while that of 
1,2-hydrogen shift to produce carbene transition state is only 81 kcal/mol. Based on these 
calculations it is predicted that the carbene mechanism should be preferred over the 
radical mechanism in the unimolecular cyclodehydrogenation of [4]helicenes. 
 
5.2 Designed System and Proposed Carbene Mechanism 
We structurally modified compound V-3 to test the carbene mechanism by 
facilitating or retarding the hydrogen shift as compared to the parent molecule. 
Compound V-6, benzo[4]helicene,6 is derived from V-3 by fusing on an additional 
benzene ring as shown in Scheme 6. Cyclodehydrogenation of V-6 will give 
indeno[4,3,2,1-cdef]chrysene (V-7).  If the cyclodehydrogenation of V-6 proceed by the 
carbene mechanism, a reduction in the aromaticity of the ring system in the hydrogen 
shift intermediate is expected. This reduction should lower the activation energy to 
generate the carbene intermediate, as compared to V-3.  
Scheme 6 
 
                                                        
6 IUPAC name: benzo[c]chrysene.  
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      The thermal cyclodehydrogenations of compounds V-3 and V-6 under FVP 
conditions will show similar reactivity if they follow the unimolecular radical cyclization 
pathway. In the first step of this pathway (assuming it is the rate determine step), 
breaking an aryl C-H bond is similar in energy cost for both compounds (approximately 
103 kcal/mol). However, in the 1,2-hydrogen shift/carbene insertion pathway, an extra 
remote benzene ring, should facilitate the hydrogen shift relative to that of compound V-3 
(Scheme 7). Our calculations show a 5.6 kcal/mol difference between the relative 
energies of the V-3 and V-6 hydrogen shift transition state (Scheme 8). This equates to an 
8 fold increase in rate for the thermal cyclodehydrogenation of V-6 compared to that of 
V-3 at 1100 oC and 0.1 mmHg. The results of these homodesmic energy comparisons 
predict that compound V-7 should be produced more rapidly than V-4 under FVP 
conditions. 
 
Scheme 7 
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Scheme 8 
   
 
 The cyclodehydrogenation reaction of compound V-6 will give the 
cyclodehydrogenation product V-7, and possibly also the product of a 5/6-ring swap 
rearrangement to afford indeno[1,2,3-cd]pyrene (V-8). We will use the sum of (V-7) + 
(V-8) to represent the amount of cyclodehydrogenation.  
 
Scheme 9 
  
      
Benzannulation has large effects on the rates of high temperature gas phase 
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reactions of PAHs because it disrupts the aromaticity of the ring systems.7 By adding two 
benzene rings as shown in the Scheme 10, the resulting compound 
naphtho[2,3-a]tetraphene (V-9) should suffer an increased energy cost for the hydrogen 
atom shift; cyclodehydrogenation would thus be hindered, because the aromaticity of two 
benzene rings would have to be destroyed. The thermal cyclodehydrogenation of V-9 
should be slower than that of V-3 under FVP conditions (if this reaction occurs). It is 
predicted that the cyclodehydrogenation product V-10 should continue to cyclize and give 
geodesic polyarene V-11.    
 
Scheme 10 
H
1,2-H Shift
V-9 V-10 V-11  
 
5.3 Synthesis of [4]Helicenes 
5.3.1 Synthesis of [4]helicene 
     The synthesis of [4]helicene has been reported by many groups.8 Until now the 
                                                        
7 Scott, L. T. Pure Appl. Chem. 1996, 68, 291. 
8 (a) Weitzenbock, R.; Lieb, H. Monatshefte fuer Chemie 1913, 33, 549. (b) Cook, J. W. J. Chem. Soc. 1931, 2524. (c) Hewett, C. L. J. 
Chem. Soc. 1936, 596. (d) Hewett, C. L. J. Chem. Soc. 1938, 1286. (e) Newman, M. S.; Wolf, M. J. Am. Chem. Soc. 1952, 74, 3225. (f) 
Fuerstner, A.; Mamane, V. J.Org. Chem. 2002, 67, 6264. (g) Pathak, R.; Vandayar, K.; van Otterlo, W. A. L.; Michael, J. P.; 
Fernandes, M. A.; de Koning, C. B. Organic & Biomolecular Chemistry 2004, 2, 3504. (h)Storch, Jan; Cermak, Jan; Karban, J. 
Tetrahedron Lett. 2007, 48, 6814. 
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most straightforward pathway was that reported by Jacob Szmuszkovicz and coworkers 
in 1947.9 They used the commercial available starting material phenyl naphthalene (V-1), 
and treated it with maleic anhydride at temperatures ranging from 95-160 oC. 
Decarboxylation with barium hydroxide and copper-bronze at 100 oC for 20 hours 
afforded [4]helicene (V-3) in 70% yield (Scheme 11).10  
 
Scheme 11 
 
       
An alternative synthesis of V-3 was carried out in our lab, using the 
photocyclization pathway shown in the Scheme 12. (E) and 
(Z)-1-(2-naphthyl)-2-phenylethylene (V-12) were obtained from the Wittig reaction of 
2-(bromomethyl)naphthalene with benzaldehyde in 80% yield. The V-12 mixture was 
photolyzed in the Rayonet photochemical reactor (254 nm) for 5 hours and gave 
compound V-3 in a 50% yield. This pathway avoids high temperature reactions and can 
be performed more rapidly than the first method. 
                                                        
9 Bergmann, F.; Szmuszkovicz, J J. Am. Chem. Soc. 1947, 69, 1367. 
10 Szmuszkovicz, J.; Modest, E. J. J. Am. Chem. Soc. 1948, 70, 2542. 
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Scheme 12 
 
 
5.3.2 Synthesis of benzo[4]helicene 
      Benzo[4]helicene (V-6) was first synthesized by Hewett and Bergmann by two 
different routes in 1938.11 Several additional procedures have been published since 
then.12 We used an oxidative-photocyclization method to prepare V-6, as shown in 
Scheme 13.  
 
Scheme 13 
 
       
 (E) and (Z)-1,2′-(ethene-1,2-diyl)dinaphthalene (V-13) were obtained in 62% yield 
                                                        
11 (a) Hewett, C. L. J. Chem. Soc. 1938, 1286. (b) Bergmann, E. J. Chem. Soc. 1938, 1291. 
12 (a) Morgan, D. D.; Horgan, S. W.; Orchin, M. Tetrahedron Lett. 1970, 49, 4347. (b) Snatzke, G.; Kunde, K. Chem. Ber. 1973, 106, 
1341. (c) Liu, L.; Yang, B.; Katz, T. J.; Poindexter, M. K. J. Org. Chem. 1991, 56, 3769. 
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by the Wittig reaction shown in Scheme 13. The mixture was then photolyzed in the 
Rayonet photochemical reactor (254 nm) for 8 hours and gave compound V-6 in a 50% 
yield. 
 
5.3.3 Synthesis of Benzo[ghi]fluoranthene 
 
 With V-3 and V-6 in hand, we set out to run the thermal cyclodehydrogenation 
reactions under FVP conditions. From the initially designed experiments, 
cyclodehydrogenations of V-3 and V-6, HPLC analysis was needed to quantify the ratios 
of compounds in the crude pyrolysates. Compounds V-4, V-5, V-7 and V-8 had to be 
synthesized as standard samples for generating UV-detection calibration curves (Scheme 
14). 
 
Scheme 14 
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Benzo[ghi]fluoranthene (V-4) was first synthesized by Neil Campbell in 1952 
(Scheme 15).13 There were two pathways demonstrated in the paper. First, the reaction of 
4-ketocyclopenta[def]phenanthrene and methylmagnesium iodide gave the carbinol V-17, 
which was then heated with maleic anhydride and acetic anhydride to form V-18 with 
low yield due to the polymerization. Compound V-4 was obtained after decarboxylation 
of anhydride V-18. In the second synthesis, the reaction of methyl- 
4-cyclopenta[def]phenanthrene-4-carboxylate14 and acrylonitrile gave a nitrile, which 
was then hydrolyzed to V-19. After cyclization of V-19 to form the ketone V-20, 
reduction of V-20 followed by dehydration and aromatization gave the desired product 
V-4 in good yield. The synthesis of compound V-4 was also reported in several journals 
by various other methods.15 In the first synthesis of corannulene by Lawton,15b V-4 was 
the key compound in the total synthesis. Studt reported cyclodehydrogenation of 
benzo[c]phenanthrene (V-3) over Pt/C at 400 oC giving a 25% yield of 
benzo[ghi]fluoranthene (V-5).15c We chose to use the method reported by Dorin Preda.15e  
 
 
                                                        
13 Campbell, N.; Reid, D. H. J. Chem. Soc. 1952, 3281. 
14 Campbell, N. J. Chem. Soc. 1949, 2623. 
15 (a) Crombie, D. A.; Shaw, S. J. Chem. Soc. C, 1969, 18, 2489. (b) Lawton, R. G.; Barth, W. E. J. Am. Chem. Soc. 1971, 93, 1730. 
(c) Studt, P.; Win, T. Liebigs Annalen der Chemie 1983, 3, 519. (d) Plater, M. J. Tetrahedron Lett. 1994, 35, 6147. (e) Preda, D. V. Ph. 
D. dissertation, Boston College, 2001, chapter 7. 
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Scheme 15 
  
 
     
        
      The synthesis pathway of V-4 shown in Scheme 16 was tried first. 
1,2-Dichloro-3-methylbenzene (V-14), N-bromosuccinimide (NBS) and 
azobisisobutyronitrile (AIBN) were dissolved in carbon tetrachloride, photolyzed, and 
worked up, followed by addition of triphenylphosphine and toluene at reflux to give V-15. 
The subsequent Wittig reaction between V-15 and 2-naphthaldehyde was run using 10% 
sodium hydroxide in methylene chloride to give V-16 in 60% yield (two steps). The FVP 
reaction of V-16 at 1000 oC formed V-4, but analysis of the crude pyrolysate showed that 
it also gave starting material and cyclodehydrogenation product V-21 (Scheme 17). 
Separation of V-4 and V-21 was attempted but failed due to their similar structures.  
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Scheme 16 
 
 
Scheme 17 
 
 
The problem of separating the desired product from the crude pyrolysate prompted 
us to use V-21 as the FVP precursor. The synthesis of V-21 reported by Plater was 
adopted, as shown in the Scheme 18.16 1-Bromo-4-chloro-2-methylbenzene (V-22) and 
NBS were photolyzed in carbon tetrachloride and treated with triphenylphosphine to 
                                                        
16 Plater, M. J. J. Chem. Soc., Perkin Trans. 1, 1997, 2903. 
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form V-23. 2-Naphthaldehyde and V-23 were added along with sodium methoxide to 
ethanol to give V-24 from the Wittig reaction. Oxidative photocylization reaction of V-24 
with iodine and propylene oxide in a mixture of benzene and petroleum ether gave V-25. 
Selective debromination of V-25 formed 1-chlorobenzo[c]phenanthrene V-21 in a 30% 
yield over 4 steps. The FVP reaction of V-21 at 1030 oC gave V-4 in 56% yield. A trace of 
V-5 was present in the crude pyrolysate, but subsequent treatment with 
m-chloroperoxybenzoic acid (m-CPBA) selectively oxidized this byproduct, thus making 
it easy to remove. 
 
Scheme 18 
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5.3.4 Synthesis of cyclopenta[cd]pyrene  
Cyclopenta[cd]pyrene (V-5) is a well known carcinogenic PAH.17 Its convenient 
organic synthesis has been developed by different groups.18 Harvey had previously 
synthesized V-5 in good overall yield (38%) via a convenient synthetic route on a 
practical scale (Scheme 19).18a Bromination of 1,2,3,6,7,8-Hexahydropyrene (V-26) 
afforded V-27 in 96% yield. Treatment of V-27 with 2,3-dicyano-5,6-dichloro-para 
-benzoquinone (DDQ), afforded 4-bromopyrene (V-28). After methylation, bromination, 
cyanation and hydrolysis of V-28, V-29 was formed in 70% overall yield. Cyclization of 
acid V-29 in liquid hydrofluoric acid gave pure ketone V-30. Reduction with NaBH4 in 
ethanol, followed by dehydration with p-toluenesulfonic acid, furnished the product V-5 
in 95% yield, over two steps.  
Scheme 19 
 
                                                        
17Gold, A.; Eisenstadt, E. Cancer Research 1980, 40, 3940. 
18 (a) Konieczny, M.; Harvey, R. G. J. Org. Chem. 1979, 44, 2158. (b) Ruehle, P. H.; Fischer, D. L.; Wiley, J. C., Jr.  J. Chem. Soc., 
Chem. Commun. 1979, 6, 302. (c) Veeraraghavan, S.; Jostmeyer, S.; Myers, J.; Wiley, J. C., Jr. J. Org. Chem. 1987, 52, 1355. (d) 
Sarobe, M.; Zwikker, J. W.; Snoeijer, J. D.; Wiersum, U. E.; Jenneskens, L. W. J. Chem. Soc., Chem. Commun. 1994, 1, 89.   
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      Later, Sarobe reported a two-step synthesis of V-5 using FVP conditions (Scheme 
20),18d which we used to prepare compound V-5. Treatment of commercially available 
1-acetylpyrene (V-31) with phosphorus pentachloride in methylene chloride, afforded 
1-(1-chlorovinyl)pyrene (V-32) in 70% yield. Standard FVP conditions were applied to 
V-32 (1000 oC), producing V-5 (100% conversion, 73% mass recovery) as an orange 
solid.  
 
Scheme 20 
 
 
5.3.5 Synthesis of indeno[4,3,2,1-cdef]chrysene 
 
      Indeno[4,3,2,1-cdef]chrysene (V-7) was synthesized by Campbell in two steps 
(Scheme 21).13 4-Cyclopenta[def]phenanthrene (V-33) was condensed with 
ortho-chlorobenzaldehyde to give compound V-34. Cyclization of V-34 was carried out 
in a refluxing solution of concentrated potassium hydroxide, forming 
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indeno[4,3,2,1-cdef]chrysene (V-7). Because the first step gave a diene byproduct and 
low yield, we investigated two alternative synthetic pathways to realize the synthesis of 
V-7 (Scheme 22 and Scheme 23). 
 
Scheme 21 
 
     In our synthetic route, compound V-33 subjected to the Siegrist reaction19 with 
(E)-N-benzylideneaniline to give 4-benzylidene-4H-cyclopenta[def]phenanthrene (V-35) 
in 35%. The oxidative photocyclization of V-35 with iodine and propylene oxide in 
cyclohexane gave V-7 in 52% yield (Scheme 22). 
 
Scheme 22 
                                                        
19 Nierengarten, J. F.; Eckert, J. F.; Nicoud, J.F.; Ouali, L.; Krasnikov, V.; Hadziioannou, G. Chem. Commun. 1999, 617. 
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    Our second pathway for the synthesis of V-7 employed a Heck reaction. 20  
4-(2-Bromobenzyl)-4H-cyclopenta[def]phenanthrene (V-36) was prepared from V-33 as 
shown in the Scheme 23 in a 73% yield. A mixture of V-36, palladium catalyst Pd(OAc)2, 
(n-Bu)4NBr, potassium carbonate and DMF was heated in a microwave reactor at 180 oC 
to give V-7 in 63% yield (Scheme 23). 
 
Scheme 23 
 
5.3.6 Synthesis of indeno[1,2,3-cd]pyrene 
 
An efficient synthetic pathway to compound V-8 was developed by Harvey in 
1987.21 A benzene ring was annulated onto the pyrene by the reaction of its aryllithium 
derivative with cyclohexene oxide, followed by PDC oxidation, cyclodehydration, and 
aromatization (Scheme 24).  
 
                                                        
20 Frutos, O.; Gomez-Lor, B.; Granier, T.; Monge, A.; GutieÂrrez-Puebla, E.; Echavarren, A.M. Angew. Chem. Int. Ed, 1999, 38, 204. 
21 Cho, B. P.; Harvey, R. G. J. Org. Chem., 1987, 52, 5668. 
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Scheme 24 
 
     However, methods of Pd-catalyzed ketone arylations of aryl halides reported by 
Hartwig22 and Buchwald23 could help to install the cyclohexanone ring in one step.  
1-Bromopyrene (V-37) was coupled with cyclohexanone by the aid of a Pd catalyst, 
X-Phos and cesium carbonate in THF to give V-38 in 90% yield (Scheme 25). Compound 
V-8 was then obtained by cyclodehydration and aromatization in a good yield.24  
 
Scheme 25 
 
                                                        
22 Hamann, B. C.; Hartwig, J. F. J. Am. Chem. Soc. 1997, 119, 12382. 
23 Palucki, M.; Buckwald, S. L. J. Am. Chem. Soc. 1997, 119, 11108. 
24 Peng, L. Q. PhD Dissertation, Boston College, Chestnut Hill, MA, 2006. 
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5.3.7 Naphtho[2,3-a]tetraphene 
The attempted synthesis of compound V-9 was introduced by Laarhoven in 1970.25A 
Wittig reaction of 2-naphthaldehyde and V-39 gave the stilbene-like compound V-40. 
Photodehydrocyclization of V-40 formed the target V-9 (Scheme 26). However, the 
compound could not be purified due to its rapid oxidation in air during column separation. 
Therefore, we decided not to pursue this aspect of the original project plan. 
 
Scheme 26 
 
5.4 Flash Vacuum Pyrolysis of [4]Helicenes 
Flash vacuum pyrolyses of [4]helicenes were performed on a 50 mg scale at 1100 
oC, using a steady flow of nitrogen gas and a stable pressure of 0.5-1.0 mmHg. The setup 
for FVP is similar to that described in previous chapters; the apparatus is shown in Figure 
1. The reactions were completed when all starting materials had passed through the hot 
zone and condensed on the wall of the liquid nitrogen trap. The crude pyrolysates were 
collected from the trap using generous amount of methylene chloride. The 1H NMR 
                                                        
25 Laarhoven, W. H.; Cuppen, T. J. H.; Nivard, R. J. F. Tetrahedron 1970, 26, 4865. 
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spectra of the crude solids were taken after evaporation of the solvents. The ratios of 
these products were obtained from integration of the 1H NMR spectra and by HPLC. 
 
 
Figure 1. Flash vacuum pyrolysis apparatus 
 
Flash vacuum pyrolysis of benzo[c]phenanthrene (V-3) was known to give 
benzo[ghi]fluoranthene (V-4), usually accompanied by varying amounts of the 
subsequent rearrangement product cyclopenta[cd]pyrene (V-5) (depending on the 
temperature and the pressure) (Scheme 27).26 The pyrolysis of V-3 at 1050 oC (nitrogen 
carrier gas, pressure 2.0-2.5 mmHg) gave mostly starting material (78%) and minor 
amounts of V-4 (12%) and V-5 (10%).   
     The initial FVP of V-3 at 1100 oC, (nitrogen, 1 mmHg, 4 hours sublimation) gave 
90% V-3 back and 10% of cyclodehydrogenation products V-4 (8%)+V-5 (2%) (data 
from analysis of 1H NMR; V-3:(V-4+V-5) = 91:9 from HPLC). The crude pyrolysates 
                                                        
26 Brooks, M. A.; Scott, L. T. J. Am. Chem. Soc., 1999, 121, 5444. 
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also included small amounts of other impurities, but most were starting material V-3 and 
cyclodehydrogenation products V-4 and V-5.   
 
Scheme 27               
 
        The FVP reaction of V-6 has never been reported before. We predicted that 
some starting material V-6 would remain unchanged and that some cyclodehydrogenation 
products V-7 and V-8 would be formed (Scheme 28). Under pyrolytic conditions (1100 
oC, 1 mmHg, nitrogen gas carrier, 4 hours sublimation), 95% of V-3 was recovered and 
only 5% products were observed, based on integration of the 1H NMR spectrum. While 
from analysis of HPLC, 83% starting material and 17% of V-7 + V-8 were seen in the 
crude pyrolysate. The results were not in agreement, so further UV-vis calibration curves 
of these compounds were needed for quantification.  
 
Scheme 28 
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Calibration curves were prepared using 2.5 mg of each pure product (dried under 
vacuum overnight) dissolved in acetonitrile in a 250 mL volumetric flask. Five different 
solutions of varied concentrations were obtained (0.01 mg/mL, 0.005 mg/mL, 0.001 
mg/m
 reaction of V-6 was run 
                                                       
L, 0.0005 mg/mL, and 0.0001 mg/mL). UV-vis spectroscopies of these compounds 
were performed on a Hewlett-Packard 8452A Diode Array Spectrophotometer at different 
wavelengths. Then all the calibration curves and equations at different wavelengths were 
prepared for quantification of the major compounds in the crude pyrolysates (Table 1). 
     Before more runs were carried on, we pushed the FVP condition of V-6 by adding 
hexanes as a radical initiator27 to get more conversion in the pyrolyses, and we used the 
resulting FVP mixture as the test case for the HPLC analysis.   
     The radical initiator (hexanes) was carried by nitrogen gas and passed through the 
reaction zone. The apparatus was designed in our lab,27 and the amount of solvent vapor 
in the nitrogen carrier was estimated using Equation 1. The FVP
at 10 mol% hexane vapor in the nitrogen carrier gas, a pressure of 1.0 mmHg and 4 hours 
reaction time (Figure 2). More cyclodehydrogenation products (54% from 1H NMR, 69% 
from HPLC) appeared in the crude mixture, using 10% hexanes as a radical initiator. This 
dramatic increase in the amount of cyclodehydrogenation when radical generating 
additives are included (54% vs. 5%) strongly suggests that the radical cyclization 
pathway is playing a significant role in this reaction. 
 
27 Amick, A. W. Ph.D. dissertation, Boston College, Chestnut Hill, MA, 2008. 
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Table 1. Extinction Coefficients of V-4, V-5, V-7 and V-8 at Different Wavelengths  
Extinction 
coefficients (mol/L) 
V-4 V-5 V-7 V-8 
254 nm 25976 11313 27085 36045 
300 nm 4025.3 10409 14956 22824 
310 nm 2805.2 5834.8 8095.1 12349 
320 nm 3848.1 3717.1 6155.9 8088.2 
330 nm 5619.4 5263.8 5110.8 4217.5 
340 nm 4848.2 8281.5 4997.7 6963.3 
350 nm 5914.3 9654.7 3274.3 8204.7 
360 nm 1529.3 9997.5 3066.6 11268 
366 nm 846.71 8035.1 2862.6 10452 
400 nm 617.76 1235.8 1374.1 4914.7 
 
 
 
 
quation 1 E
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 Figure 2. FVP apparatus for V-6 with 10 % hexane vapor in nitrogen.  
  
      Three FVP reactions were run using V-3, V-6, and a mixture of V-3 and V-6 (1:1) 
under similar condition (1100 oC, pressure 0.3 mmHg, 8 hours).  For V-3, 
cyclodehydrogenation products (V-4 +V-5) were formed in 14% yield, while pyrolysis of 
V-6 under similar conditions gave a 20% yield of cyclodehydrogenation products (V-7 + 
V-8) (data from 1H NMR; 8% and 40% from HPLC, respectively). The 
cyclodehydrogenations of a mixture of V-3 and V-6 copyrolyzed under the same FVP 
conditions again showed a rate difference in the direction predicted by the carbene 
mechanism. The pyrolysis of a mixture of V-3 and V-6 (1:1 ratio) gave unchanged 
starting materials V-3 and V-6 in a 2:1 ratio from both 1H NMR and HPLC. From the 
HPLC, 5% cyclodehydrogenation product was observed from V-3 and 16% from V-6.  
     Thus, a rate difference was observed for the thermal cyclodehydrogenations of V-3 
and V-6, the latter cyclizing faster. These results rule out the unimolecular radical 
mechanism as the sole pathway. However, a greater rate difference would be expected if 
the carbene mechanism were entirely responsible for these reactions (8 fold rate 
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difference predicted by the calculation, Scheme 8). There may be other mechanisms 
operating to give the thermal cyclodehydrogenation products, or multiple pathways could 
be viable. Consequently, neither mechanism in Scheme 5 has currently been “proven” by 
the designed experiments. Further experimentation is needed to elucidate the mechanisms 
operating at 1100 oC. 
     For completeness, the ratios of cyclodehydrogenation product V-4 to 
rearrangement product V-5 were determined by 1H NMR and HPLC. Unfortunately 
compounds V-4 and V-5 come out as one peak in the HPLC (100 % acetonitrile, isocratic, 
1.0 mL/min). Their ratios are calculated based on the determined UV calibration curves. 
The absorbance of a solution comprising both V-4 and V-5 at wavelength λ1 nm, 
 can be expressed as Equation 3(1) and at wavelength λ2 nm, Amix (λ2 nm), as 
se two compounds at different wavelengths 
ined from the calculated calibration curves. From the two unknowns in two 
Analyte concentration C in the flow cell is related to absorbance A, analyte molar 
absorptivity ε, and flow-cell length Lfc by Beer’s Law (Equation 2). 
 
Equation 2 
                          A = C*ε*Lfc 
       
Amix (λ1 nm),
Equation 3(2). Molar absorptivities (ε) of the
were obta
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equations, the two concentrations gave the relative ratios of V-4 and V-5.  The same 
method also applies to the ratio of V-7 and V-8. In the third co-FVP run of V-3 and V-6 as 
a mixture, only HPLC analysis could tell the ratios of all 6 compounds. (Table 2) In the 
1H NMR spectra of these compounds, there is too much overlap among the peaks to 
permit accurate integration.              
 
Equation 3 
 
 
Table 2.            HPLC analysis of FVP reaction of V-3 and V-6 
FVP* V-3 V-6 V-4:V-5 V-7:V-8 
1)   V-3 92% N/A 6%:2% /A N
2)   V-6 N/A 60% N/A 24%:16% 
3)  V-3+V-6 
(1:1) 51% 28% 4%:1% 5.3%:10.7% 
* FV tion conditions: 1100 oC, 0.3 mmHg, 8 h, N2 er. Entry 1 and 2: 50 
mg starting material, entry 3: V-3+V-6 = 45.7 mg + 55.6 m
P reac  gas carri
g. 
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5.5 Conclusions 
      A pair of [4]helicenes was designed to test the mechanism of thermal 
cyclodehydrogenations to form 5-membered rings. A rate difference of 
cyclodehydrogenation between compound V-3 and V-6 is predicted by the unimolecular 
carbene mechanism.  
     The two starting materials (V-3 and V-6) and the four products (V-4, V-5, V-7, and 
V-8) were synthesized with reasonable yields. Three reactions were run using similar 
FVP conditions, and a rate difference was observed by both 1H NMR and HPLC data 
analysis. The results rule out the unimolecular radical mechanism as the sole pathway. 
However, a greater rate difference would be expected if the carbene mechanism were 
entirely responsible for these reactions (8 fold rate difference predicted by the calculation, 
Scheme 8). There may be other mechanisms operating to give the thermal 
cyclodehydrogenation products, or multiple pathways could be viable. Consequently, 
neither mechanism in Scheme 5 has currently been “proven” by the designed experiments. 
Further experimentation is needed to elucidate these cyclodehydrogenation mechanisms 
under FVP conditions of high temperatures and low pressures. 
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5.6 Experimental 
.6.1 General  
All solvents and chemicals are commercially available and were used without any 
specified. Proton NMR and carbon NMR were performed using a 
0AS NMR Spectrometer. Chemical shifts are reported in ppm downfield 
from
5
purification unless 
Unity INOVA 40
 tetramethylsilane with deuterochloroform (δH = 7.26 ppm, δC = 77.23 ppm,) as the 
standard reference. Thin layer chromatography was performed using Sorbent Tech Silica 
G TLC plates.  For column chromatography, 32-63 μm silica gel was used. UV-vis 
spectroscopy was performed on a Hewlett-Packard 8452A Diode Array 
Spectrophotometer. Gas Chromatograph-Mass Spectrometer (GC-MS) analysis was 
performed on a Thermo Finnigan Trace DSQ with a Trace GC ultra. Mass spectra were 
acquired on the mass spectrometers in the Boston College Chemistry Department, 
ionization methods (ESI, APPI, DART, and AP-MALDI), and all were operated in either 
positive or negative ion mode. High performance liquid chromatography (HPLC) was run 
using a Waters 600 Delta and 2996 PDA detector with a C18 reverse-phase PAH column 
(SUPELCOSIL™ LC-PAH HPLC Column, 5 μm particle size, length × I.D. 25 cm × 4.6 
mm). Melting points are uncorrected.  
 
   
 238
Cyclodehydrogenations of [4]helicenes                                          Part II Chapter 5    
5.6.2 (E) and (Z)-1-(2-naphthyl)-2-phenylethylene (V-12) 
 
          
 
2-Bromomethylnaphthalene (0.40 g, 1.8 mmol) and triphenylphosphine (0.48 g, 1.8 
mmol) were added to 5 mL of N,N-dimethylformamide in a 50 mL round-bottomed flask. 
he suspension was stirred and heated at 150 oC for 30 min. After the solution was 
cooled
T
 to room temperature, benzaldehyde (0.18 mL, 1.8 mmol) and lithium ethoxide 
(2.7 mL of a 1.0 M solution in ethanol, 2.7 mmol) were added into the flask, and the 
resulting mixture was stirred for 3.5 h. The crude reaction mixture was diluted with 100 
mL of diethyl ether and washed successively with 2 X 50 mL each of 10% aqueous 
hydrochloric acid, water, and brine. The organic layer was separated, dried over 
anhydrous magnesium sulfate, and condensed under reduced pressure. Purification was 
accomplished by column chromatography on silica gel, with hexanes as the eluent to 
yield 0.30 g (73%) of a mixture of cis and trans isomers. Separation of the isomers was 
achieved for purpose of spectroscopic characterization by further column 
chromatography on silica gel with hexanes as the eluent. 
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(E)-1-(2-naphthyl)-2-phenylethylene (V-12-1) 
 
Recrystallization from methanol gave white crystals. 
79 (d, J = 8.0 Hz, 1H), 7.62 (d, J = 
.49 (t, J = 7.2 Hz, 1H), 7.44 (t, J = 7.2 Hz, 2H), 
.29-7.36 (m, 3H) 
, 127.7, 127.6, 127.3, 127.0, 126.1, 125.9. 
ale yellow semi-solid 
3) δ: 7.59-7.72 (m, 2H), 7.70 (s, 1H), 7.59 (d, J = 8.8 Hz, 1H), 
                                                       
m.p. 148-149 oC ( lit.28 148-148.5 oC) 
 
1H NMR (400 MHz, CDCl3) δ: 7.86-7.91 (m, 4H), 7.
7.2 Hz, 2H), 7.53 (t, J = 7.2 Hz, 1H), 7
7
 
13C NMR (100 MHz, CDCl3) δ: 137.3, 134.9, 133.5, 132.6, 130.7, 130.2, 129.0, 128.3, 
128.1, 128.0, 127.8
 
 
(Z)-1-(2-naphthyl)-2-phenylethylene (V-12-2) 
 
P
 
1H NMR (400 MHz, CDCl
 
28 Siegrist, A. E.; Liechti, P.; Meyer, H. R.; Weber, K. Helv. Chim. Acta 1969, 52, 2521. 
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7.36-7.38 (m, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.16-7.27 (m, 5H), 6.72 (d, J = 12.0 Hz, 1H), 
.64 (d, J = 12.4 Hz, 1H). 
 126.4, 126.0, 123.6. 
6
 
13C NMR (100 MHz, CDCl3) δ: 137.4, 134.9, 133.8, 133.1, 129.1, 128.9, 128.8, 128.4, 
128.1, 127.8, 126.7, 126.6,
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5.6.3 Benzo[c]phenanthrene (V-3) 
 
 
 
A mixture of (E) and (Z)-1-phenyl-2-(2-naphthyl)ethylene (0.22 g, 0.96 mmol), 
iodine (0.28 g, 1.1 mmol) and propylene oxide (24 mL, 340 mmol) in 1.5 L of benzene 
was photolyzed at 254 nm in a quartz vessel for 5 h in a Rayonet photochemical 
apparatus. The solvent was evaporated under reduced pressure. The brown oil was 
dissolved in 150 mL of dichloromethane and washed successively with 2x50 mL each of 
10% aqueous sodium thiosulfate, water, and brine. The organic layer was separated and 
dried over anhydrous magnesium sulfate, and the solvent was removed under reduced 
pressure. Purification by column chromatography on silica gel with hexane as eluant 
yielded 0.13 g (59%) of benzo[c]phenanthrene as a pale yellow oil which formed crystals 
upon standing. 
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m.p. 66-68 oC (lit.29 m.p. 68 oC) 
 
1H NMR (400 MHz, CDCl3) δ: 9.15 (d, J = 8.4 Hz, 2H), 8.04 (d, J = 8.0 Hz, 2H), 7.92 (d, 
J = 8.4 Hz, 2H), 7.84 (d, J = 8.8 Hz, 2H), 7.70 (t, J = 7.2 Hz, 2H), 7.64 (t, J = 7.2 Hz, 
2H). 
 
13C NMR (100 MHz, CDCl3) δ: 133.7, 131.2, 130.5, 128.7, 128.1, 127.7, 127.0, 126.3, 
126.1. 
 
Anal. Calcd for C18H12: C, 94.70; H, 5.30. Found: C, 93.79; H, 5.01. 
 
 
 
 
                                                        
29 Cook, J. W. J. Chem. Soc. 1931, 2525. 
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5.6.4 (E) and (Z)-1,6'-(ethene-1,2-diyl)dinaphthalene (V-13) 
 
 
 
2-(Bromomethyl)naphthalene (2.14g, 9.68 mmol) and triphenylphosphine (2.52g, 
9.68 mmol) were added to 25 mL of N,N-dimethylformamide in a 100 mL 
round-bottomed flask. The suspension was stirred and heated at 150 ℃ for 1 h. After the 
reaction mixture was cooled down to room temperature, 1-naphthaldehyde (1.40 mL, 10 
mmol) and lithium ethoxide (11 mL of a 1.0 M solution in ethanol, approx. 11 mmol) 
were added to a flask, and the resulting mixture was stirred for 4 h. The reaction solution 
was diluted with 200 mL of diethyl ether and washed successively with 100 mL each of 
10% aqueous hydrochloric acid, water, and brine. The organic layer was separated and 
dried over magnesium sulfate; then the solvent was removed by rotary evaporation. 
Purification by column chromatography on silica gel with hexane as eluant yielded 1.88 g 
(69%) of a mixture of cis and trans isomers. Separation of the isomers could be achieved 
by further column chromatography on silica gel with hexane as the eluent, but was not 
necessary for the following reaction.12(c) 
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5.6.5 Benzo[c]chrysene (V-6) 
 
 
 
A mixture of (E) and (Z)-1,2'-(ethene-1,2-diyl)dinaphthalene (0.56 g, 2.0 mmol), 
iodine (0.56 g, 2.2 mmol) and propylene oxide (20 mL, 284 mmol) in 1.5 L of benzene 
was photolyzed at 254 nm in a quartz vessel for 8 h in a Rayonet photochemical 
apparatus. After 8 h, the solvent was evaporated under reduced pressure. The brown oil 
was dissolved in 100 mL of dichloromethane and washed successively with 50 mL each 
of 10% aqueous sodium thiosulfate, water, and brine. The organic layer was separated 
and dried over anhydrous magnesium sulfate, and the solvent was removed under 
reduced pressure. Purification by column chromatography on silica gel with hexanes as 
the eluent yielded 0.31 g (56%) of benzo[c]chrysene as a pale yellow solid. The 1H NMR 
spectrum of the product matched the reported spectrum.30  
 
 
 
 
                                                        
30 Liu, L.; Yang, B.; Katz, T. J.; Poindexter, M. K. J. Org. Chem. 1991, 56, 3769. 
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m.p. 126-128 oC ( lit.11b m.p. 128 oC ) 
 
1H NMR (400 MHz, CDCl3) δ: 9.08 (d, J = 7.6 Hz, 1H), 9.06 (d, J = 9.2 Hz, 1H), 8.85 (d, 
J = 8.8 Hz, 1H), 8.84 (d, J = 8.4 Hz, 1H), 7.88-8.08 (m, 6H), 7.65-7.74 (m, 4H). 
  
13C NMR (100 MHz, CDCl3) δ: 133.7, 132.1, 130.3, 128.9, 128.62, 128.59, 128.3, 128.20, 
128.17, 127.6, 127.1, 126.76, 126.73, 126.70, 126.5, 126.3, 126.2, 126.0, 125.0, 123.5, 
122.0.  
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5.6.6 (2-Bromo-5-chlorobenzyl)triphenylphosphonium bromide (V-23) 
 
 
 
 
2-Bromo-5-chlorotoluene (1.0 g, 6.2 mmol), N-bromosuccinimide (1.1 g, 6.2 
mmol), carbon tetrachloride (5 mL) and dibenzoyl peroxide (5 mg) were added into an 
oven-dried 50 mL round-bottom flask equipped with a Teflon coated stir bar and 
condenser. The reaction mixture was stirred and irradiated to reflux for 6 h under light 
(250 W, Philips infrared heat lamp). After being cooled to room temperature, the reaction 
mixture was diluted with methylene chloride (100 mL), filtered and the organic solution 
was washed with water (2X50 mL) and brine (50 mL). The organic layer was dried with 
anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure.  The 
resulting yellow oil was dissolved in xylene (5 mL) and transferred into a 25 mL round 
bottom flask. Triphenylphosphine (1.7 g, 6.2 mmol) was added, and the mixture was 
heated to reflux for 3 h. The reaction mixture was cooled to room temperature, and a 
white precipitate was formed. The solid was collected by filtration and washed with cold 
toluene (2 X 10 mL, to remove excess PPh3) and petroleum ether (10 mL, to remove 
toluene and facilitate rapid drying).  The compound V-23 was obtained as a white solid 
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(1.68 g, 57%) and was used directly in the next reaction without further purification or 
characterization. 
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5.6.7 (E) and (Z)-2-(2-bromo-5-chlorostyryl)naphthalene (V-24)15c 
 
 
 
Into a 50 mL dry round-bottom flask with a Teflon-coated magnetic stir bar were 
added (2-bromo-5-chlorobenzyl)triphenylphosphonium bromide (1.6 g, 3.0 mmol), dry 
ethanol (16 mL), sodium methoxide (0.18 g, 3.3 mmol) and 2-naphthaldehyde (0.40 g, 
2.6 mmol). The reaction mixture was stirred at room temperature for 1 h, diluted with 
water (20 mL), and acidified with 10% HCl (10 mL). The solution was extracted with 
methylene chloride (100 mL). The organic layer was washed with water (50 mL) and 
brine (50 mL), dried with anhydrous magnesium sulfate, and filtered. After all solvents 
were removed under reduced pressure, the residue was purified by chromatography on a 
silica gel column with petroleum ether and methylene chloride (9:1). Compound V-24 
was obtained as a colorless oil (0.71g, 69%). The properties of this material matched 
those reported in the literature.15c 
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5.6.8 4-Bromo-1-chlorobenzo[c]phenanthrene (V-25)15c 
 
 
 
A mixture of (E) and (Z)- 2-(2-bromo-5-chlorostyryl)naphthalene (0.50 g, 1.5 
mmol) was dissolved in benzene (20 mL) and transferred into a 1 L quartz vessel. 
Petroleum ether (600 mL), iodine (0.40 g, 1.57 mmol) and propylene oxide (10.0 mL, 
142 mmol) were added to the vessel, and the solution was deoxygenated with nitrogen for 
15 min. The reaction mixture was then photolyzed at 254 nm for 4 h in a Rayonet 
photochemical apparatus. After 4 h, the reaction was stopped, and the solvent was 
evaporated under reduced pressure. The brown oil was dissolved in 100 mL of 
dichloromethane and washed successively with 2 X 50 mL each of 10% aqueous sodium 
thiosulfate, water and brine. The organic layer was separated and dried over magnesium 
sulfate, filtered, and the solvent was removed under reduced pressure. Purification by 
column chromatography on silica gel with hexanes as eluant yielded 0.41 g (82%) of 
compound V-25 as a pale yellow solid. The properties of this material matched those 
reported in the literature.15c 
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1H NMR (400 MHz, CDCl3) δ: 8.29 (d, J = 8.8 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H), 8.03 (d, 
J = 8.0 Hz, 1H), 7.98-8.00 (m, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.87 (d, J = 8.4 Hz, 1H), 
7.86 (d, J = 8.4 Hz, 1H), 7.61 (m, 2H), 7.58 (d, J = 8.0 Hz, 1H). 
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5.6.9 1-Chlorobenzo[c]phenanthrene (V-21)15c 
 
 
 
Into a flame-dried 25 mL round-bottom flask equipped with a Teflon-coated 
magnetic stir bar was added a solution of 4-bromo-1-chlorobenzo[c]phenanthrene (0.20 g, 
0.59 mmol) in 10 mL of tetrahydrofuran. The reaction solution was cooled to -78 oC, and 
n-butyllithium (0.40 mL, 1.5 M in hexane, 0.60 mmol) was slowly added. After stirring 
for 3 minutes, acetic acid (1 mL) was added, and the mixture was warmed to room 
temperature. The solution was diluted with water (50 mL) and extracted with methylene 
chloride. The organic layer was separated, dried over anhydrous magnesium sulfate, and 
filtered. Purification by chromatography on silica gel column with petroleum ether as the 
eluent yielded compound V-21 0.12 g (78%) as a yellow solid. The properties of this 
material matched those reported in the literature.15c  
 
1H NMR (400 MHz, CDCl3) δ: 8.12 (m, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.91 (m, 1H), 7.85 
(d, J = 8.0 Hz, 1H), 7.72-7.77 (m, 3H), 7.64 (d, J = 8.0 Hz, 1H), 7.49-7.53 (m, 3H). 
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5.6.10 Benzo[ghi]fluoranthene (V-4) 
 
 
1-Chlorobenzo[c]phenanthrene (0.10 g, 0.38 mmol) was placed in a sample boat and 
sublimed at reduce pressure with a gentle stream of nitrogen carrier gas. A pyrolysis oven 
temperature of 1030 oC and a stable pressure of 0.5 Tor were maintained for 4 h. The 
sublimate was passed through a hot quartz pyrolysis tube, and the pyrolysate was 
collected in a cold trap as described in previous chapters. At the end of 4 h, none of the 
1-chlorobenzo[c]phenanthrene could be seen in the sample boat. The pyrolysis was 
stopped, and the furnaces were allowed to cool. The pyrolysate that condensed in the 
quartz tube and cold trap was collected with methylene chloride to provide 87 mg of 
crude product. The crude mixture was purified by chromatography on silica gel column 
with petroleum ether as the eluent and yielded 63 mg of V-4 (73%) as a yellow solid. The 
1H NMR of this material matched the reported reference.31 
 
1H NMR (400 MHz, CDCl3) δ: 8.14 (d, J = 6.8 Hz, 2H), 7.98 (d, J =8.8 Hz, 2H), 7.95 (d, 
J = 8.0 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.70 (t, J = 7.6 Hz, 2H). 
                                                        
31 (a) Plater, M. J. Tetrahedron Letters, 1994, 35, 6147. (b) Tsefrikas, V. M. PhD Dissertation, Boston College, Chestnut Hill, MA, 
2007 
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5.6.11 1-(1-Chlorovinyl)pyrene (V-32)18d 
 
O
CH3
ClPCl5, CH2Cl2
r.t. 3 hours
 
 
1-Acetylpyrene (0.245 g, 1.00 mmol) and phosphorus pentachloride (0.21 g, 1.0 
mmol) were stirred in dichloromethane (5 mL) at room temperature for 3 h. The reaction 
was quenched with water (20 mL) and extracted with methylene chloride (50 mL). The 
organic layer was washed with water (2 X 25 mL) and brine (25 mL), dried over 
anhydrous magnesium sulfate, filtered, and then condensed under reduced pressure. The 
crude product was purified by chromatography on silica gel column with hexanes as the 
eluent. A pale yellow solid (0.15 g) was obtained in 57% yield.  
 
m.p. 75-77 oC (lit.32 73-74 oC) 
1H NMR (400 MHz, CDCl3) δ: 8.45 (d, J = 9.2 Hz, 1H), 8.22 (d, J = 7.2 Hz, 2H), 8.16 (d, 
J = 7.2 Hz, 1H), 8.14 (d, J = 6.8 Hz, 1H), 8.12 (d, J = 9.2 Hz, 1H), 8.07 (d, J = 8.4 Hz, 
1H), 8.04 (t, J = 8.0 Hz, 1H), 8.03 (d, J = 8.8 Hz, 1H), 6.00 (s, 1H), 5.68 (s, 1H). 
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5.6.12 Cyclopenta[cd]pyrene (V-5)18d 
 
 
   
Compound 1-(1-chlorovinyl)pyrene (89 mg) was submitted to flash vacuum 
pyrolysis at 1100 oC, with a slow bleed of nitrogen gas (pressure: 0.4 mmHg). After 4 h, 
the crude product (56 mg) was condensed in the trap. The crude pyrolysate was carefully 
collected using methylene chloride (250 mL), followed by concentration under reduced 
pressure. The residue was purified by chromatography on silica gel with hexanes as the 
eluent. Cyclopenta[cd]pyrene (with mutagenic and carcinogenic activity) was obtained as 
a red solid in 61% yield (conversion 100%). 
 
m.p. 216-218 oC (lit.33 214oC)  
 
1H NMR (400 MHz, CDCl3) δ: 8.43 (d, J = 8.8 Hz, 1H), 8.39 (s, 1H), 8.29 (d, J = 7.6 Hz, 
1H), 8.06-8.15 (m, 3H), 8.05 (d, J = 8.0 Hz, 1H), 8.03 (d, J = 9.6 Hz, 1H), 7.43 (d, J = 
5.2 Hz, 1H), 7.25 (d, J = 5.2 Hz, 1H). 
                                                        
33 Spijker, N. M.; van den Braken-van Leersum, A. M.; Lugtenburg, J.; Cornelisse, J. J. Org. Chem. 1990, 55, 756. 
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13C NMR (100 MHz, CDCl3) δ: 133.4, 130.5, 128.5, 127.7, 126.91, 126.88, 126.6, 126.4, 
124.3, 122.6. 
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5.6.13 4-Benzylidene-4H-cyclopenta[def]phenanthrene (V-33) 
 
 
 
     4H-Cyclopenta[def]phenanthrene (0.19 g, 1.0 mmol), N-benzylideneaniline (0.18 g, 
1.0 mmol) and potassium tert-butyloxide (0.56 g, 5.0 mmol) were added to 
N,N-dimethylformamide (anhydrous, 5.0 mL) in a dry round-bottom flask with a 
water-jacketed condenser under nitrogen gas. The reaction mixture was heated for 12 h at 
100 oC and then cooled to room temperature. The solution was quenched with 10% HCl 
(10 mL) and diluted with methylene chloride (100 mL). The organic layer was washed 
with water (50 mL) and brine (50 mL), then dried with anhydrous magnesium sulfate, 
filtered, and concentrated under reduced pressure. The oily residue was purified by 
column chromatography on silica gel with hexanes as the eluent. Compound V-33 was 
obtained as a yellow solid (97 mg, 35%). 
 
m.p. 106-108 oC  
 
HRMS (DART, m/z): calcd C22H15 ([M+1]+) 279.1174, found 279.1165. 
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1H NMR (400 MHz, CDCl3) δ: 7.95 (s, 1H), 7.90 (d, J = 6.4 Hz, 1H), 7.76-7.84 (m, 7H), 
7.67 (t, J = 7.6 Hz, 1H), 7.44-7.54 (m, 4H). 
 
13C NMR (100 MHz, CDCl3) δ: 138.8, 137.7, 137.4, 136.8, 135.6, 135.5, 130.6, 129.6, 
128.7, 128.5, 127.8, 127.6, 127.4, 127.3, 125.5, 125.3, 124.8, 124.1, 123.2, 121.7, 121.4, 
117.4. 
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5.6.14 Indeno[4,3,2,1-cdef]chrysene (V-7) 
 
 
 
4-Benzylidene-4H-cyclopenta[def]phenanthrene (37 mg, 0.13 mmol), iodine (42 
mg, 0.20 mmol) and cyclohexane (500 mL) were added to a quartz vessel equipped with 
a Teflon-coated magnetic stir bar, and the solution was purged for 25 min with nitrogen 
gas. After 25 min, propylene oxide (3.0 mL) was added, and the solution was photolyzed 
at 254 nm for 34 h in a Rayonet photochemical apparatus, with constant monitoring by 
TLC. When the reaction was complete, the solution was condensed under reduced 
pressure. The residue was diluted with 100 mL of methylene chloride and washed with 
10% sodium thiosulfate (50 mL), water (50 mL), and brine (50 mL). The organic layer 
was separated, dried with anhydrous magnesium sulfate and filtered. The solution was 
condensed under reduced pressure, and the residue was purified with chromatography on 
silica gel column with hexanes as the eluent. Compound V-7 was obtained as a yellow 
solid (19 mg, 52%). 
 
m.p. 146-148 oC ( lit.13 147-149 oC ) 
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1H NMR (400 MHz, CDCl3) δ: 8.71 (d, J = 8.4 Hz, 1H), 8.60 (d, J = 8.8 Hz, 1H), 8.49 (s, 
1H), 8.18 (t, J = 6.8 Hz, 2H), 8.11 (d, J = 8.8 Hz, 1H), 7.96-8.02 (m, 3H), 7.77 (d, J = 7.2 
Hz,1H), 7.73 (d, J = 7.6 Hz, 1H), 7.66 (t, J = 7.2 Hz, 1H). 
 
13C NMR (100 MHz, CDCl3) δ: 136.9, 136.0, 135.4, 133.2, 132.5, 131.5, 128.5, 128.1, 
127.6, 126.6, 126.5, 126.1, 125.7, 125.4, 124.9, 123.4, 122.6, 122.5.  
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5.6.15 4-(2-Bromobenzyl)-4H-cyclopenta[def]phenanthrene (V-36) 
 
 
 
4H-Cyclopenta[def]phenanthrene (0.19 g, 1.0 mmol) and anhydrous 
tetrahydrofuran (30 mL) were added to a flame-dried 100 mL round-bottom flask 
equipped with a  Teflon-coated magnetic stir bar under nitrogen. The solution was 
cooled to -78 oC and stirred for 15 min. n-Butyllithium (0.56 mL, 1.78 M in hexanes, 1.0 
mmol) was added dropwise to the flask over a period of 10 min. The reaction mixture 
was warmed to -10 oC and stirred for 4 h. 1-Bromo-2-(bromomethyl)benzene (0.25 g, 1.0 
mmol) was dissolved in 7 mL of THF and added into the flask. The mixture was stirred 
for 1 h and then diluted with ethyl acetate (50 mL). The solution was washed with brine 
(2 X 50 mL), dried with anhydrous magnesium sulfate, filtered, and concentrated under 
reduced pressure. Partial purification was achieved by chromatography on silica gel 
column with hexanes as the eluent to yield a yellow oil (0.25 g, 73%), which was used 
directly in the next reaction without further characterization.  
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5.6.16 Indeno[4,3,2,1-cdef]chrysene (V-7) 
 
 
 
4-(2-Bromobenzyl)-4H-cyclopenta[def]phenanthrene (0.25 g, 0.70 mmol), 
potassium carbonate (0.77 g, 5.6 mmol), palladium acetate (7.9 mg, 0.035 mmol), 
tetrabutylammonium bromide (0.68 g, 2.1 mmol) and 5.0 mL of anhydrous 
dimethylformamide  were added into an oven-dried 10 mL glass reaction vial 
(pressure-rated up to 35 Bar (~515 PSI)) equipped with a Teflon coated magnetic stir bar. 
The vial was sealed with a PTFE-Silicon septum in an Intellivent Cap, purged with argon 
for 15 min, and irradiated with microwaves in a CEM Discover Microwave Unit at 180 
oC for 45 min with a 150 W power max. After being cooled to room temperature, the 
reaction mixture was diluted with 100 mL of methylene chloride and passed through a 
silica gel plug. The organic solution was washed with 10% HCl (50 mL), water (50 mL) 
and brine (50 mL), dried with anhydrous magnesium sulfate and filtered. Solvents are 
removed under reduced pressure, and the residue was purified by chromatography on 
silica gel column with hexanes as the eluent. Compound V-7 was obtained as a yellow 
solid (0.10 g, 63%) and had the same properties as the material reported on page 274. 
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5.6.17 2-(Pyren-1-yl)cyclohexanone(V-38)34,35 
       
   
1-Bromopyrene (0.14 g, 0.50 mmol), Pd(OAc)2 (2.2 mg, 0.010 mmol), X-Phos (12 
mg, 0.025 mmol) and Cs2CO3 (0.408 g, 1.25 mmol) were added into a flame-dried 
resealable Schlenk tube with a Teflon-coated magnetic stir bar. The tube was capped with 
a rubber septum, evacuated and refilled with nitrogen three times. Tetrahydrofuran (1 mL, 
anhydrous) and cyclohexanone (74 mg, 0.75 mmol) were added through the septum via 
syringe. The septum was replaced with a Teflon screw cap under nitrogen; the tube was 
sealed and heated in an oil bath at 100 oC. The mixture was stirred for 24 h, cooled to 
room temperature, and passed through a silica gel plug with ethyl acetate (50 mL). The 
filtrate was concentrated under reduced pressure and purified by chromatography on a 
silica gel column with ethyl acetate and hexanes (1:5) as the eluent to give 
2-(pyren-1-yl)cyclohexanone (118 mg, 80%) as white solids. The 1H NMR spectrum 
matched the reported spectrum.35 
 
                                                        
34 Peng, LQ Ph.D. dissertation, Boston College, 2006. 
35 Cho, B. P.; Harvey, R. G.  J. Org. Chem. 1987, 52, 5668. 
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5.6.18 Indeno[1,2,3-c,d]pyrene (V-8)34 
 
O
1) MeSO3H, CHCl3
2) DDQ, benzene
 
2-(Pyren-1-yl)cyclohexanone (118 mg, 0.390 mmol), methanesulfonic acid (0.52 mL, 7.8 
mmol) and chloroform (2.0 mL) were added to a dry pressure tube with a Teflon-coated 
magnetic stir bar. The mixture was stirred for 20 h at 90 oC and then cooled to room 
temperature. After being diluted with dichloromethane (50 mL), the solution was passed 
through a silica gel plug. The filtrate was washed with 10% NaOH (2 X 50 mL) and 
separated. The organic layer was concentrated under reduced pressure. The residue was 
dissolved in 10 mL of benzene and transferred into a pressure vessel with 
2,3-dicyano-5,6-dichloro-para-benzoquinone (272 mg, 1.20 mmol). The pressure vessel 
was sealed and put into an oil bath at 100 oC. The mixture was stirred for 4 h, and then 
cooled to room temperature. The crude reaction mixture was diluted with 150 mL of 
dichloromethane, and passed though a silica gel plug. The filtrate was washed with 
saturated sodium bicarbonate (3 X 50 mL), dried with anhydrous magnesium sulfate and 
filtered. The filtrate was concentrated under reduced pressure. Purification by 
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chromatography on silica gel column with ethyl acetate and hexanes (1:9) as the eluent 
yielded 25 mg (25%) of indeno[1,2,3-c,d]pyrene as a yellow solid. The 1H NMR 
spectrum matched the reported spectrum.24  
m.p. 146-148 oC (lit.24 148-150 oC) 
1H NMR (400 MHz, CDCl3) δ: 8.59 (s, 1H), 8.42 (d, J = 7.6 Hz, 1H), 8.38 (d, J = 7.6 Hz, 
1H), 8.27 (d, J = 7.6 Hz，1H), 8.24 (d, J = 8.4 Hz, 1H), 8.14 (d, J = 8.8 Hz, 1H), 8.13 (d, 
J = 8.0 Hz, 1H), 8.12-8.00 (m, 3H), 7.48 (t, J = 8.0 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H).  
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5.6.19 Flash vacuum pyrolysis of V-3 
 
FVP
+
V-3 V-4 V-5
V-3 +
1100 oC
 
 Flash vacuum pyrolysis of benzo[c]phenanthrene (V-3) was performed at 1100 oC. 
A fifty milligram sample of V-3 was slowly sublimed (room temperature to 75 oC in 8 h) 
into a gentle stream of nitrogen carrier gas under vacuum (0.3 mmHg) in a flash vacuum 
pyrolysis apparatus that has been described in previous chapters. The hot zone was 
maintained at a constant temperature of 1100 °C, and the products were collected in a 
trap cooled by liquid nitrogen. The crude pyrolysis product mixtures were dissolved in 
dichloromethane and analyzed by 1H NMR spectroscopy before any separation was 
attempted by chromatography. The mass of the recovered material relative to the mass of 
the starting materials is 90%.  
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Table 3. Experimental data of FVP of V-3  
FVP 1 2 
Starting Material (mg) 50  50 
Temperature (oC) 1100 1100 
Pressure (mmHg) 0.3 1.0 
Sublimation time (h) and 
temperature (oC) 
8 
75 
4 
53 
Mass recovery (%) 90 50 
Pyrolysate composition V-3+V-4+V-5 V-3+V-4+V-5 
NMR analysis   
Starting material V-3 (%) 86 90 
Cyclized material V-4 (%) 11 8 
Rearranged material V-5 (%) 4 2 
HPLC analysis   
Starting material V-3 (%) 92 91 
Cyclized material V-4 (%) 6 7.2 
Rearranged material V-5 (%) 2 1.8 
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5.6.20 Flash vacuum pyrolysis of V-6 
 
 
 
Flash vacuum pyrolysis of benzo[c]chrysene (V-6) was performed at 1100 oC. A 
fifty milligram sample of V-6 was slowly sublimed (room temperature to 81 oC in 8 h) 
into a gentle stream of nitrogen carrier gas under vacuum (0.3 mmHg) in a flash vacuum 
pyrolysis apparatus that has been described in previous chapters. The hot zone was 
maintained at a constant temperature of 1100 °C, and the products were collected in a 
trap cooled by liquid nitrogen. The crude pyrolysis product mixtures were dissolved in 
dichloromethane and analyzed by 1H NMR spectroscopy before any separation was 
attempted by chromatography. The mass of the recovered material relative to the mass of 
the starting materials is 80%.  
 
 
 
 
 291
Cyclodehydrogenations of [4]helicenes                                          Part II Chapter 5    
Table 4. Experimental data of FVP of V-6  
FVP 1 2 3* 
Starting Material (mg) 50  42 55 
Temperature (oC) 1100 1100 1100 
Pressure (mmHg) 0.3 1.0 1.0 
Sublimation time (h) and 
temperature (oC) 
8 
81 
4 
82 
4 
80 
Mass recovery (%) 80 68 15 
Pyrolysate composition V-6+V-7+V-8 V-6+V-7+V-8 V-6+V-7+V-8 
NMR analysis    
Starting material V-6 (%) 80 95 46 
Cyclized material V-7 (%) 8 2.5 40 
Rearranged material V-8 (%) 12 2.5 14 
HPLC analysis    
Starting material V-6 (%) 60 83 31 
Cyclized material V-7 (%) 24 8.5 51.7 
Rearranged material V-8 (%) 16 8.5 17.3 
* Carrier gas: 10% hexane vapor in N2. 
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5.6.21 Flash vacuum pyrolysis of V-3 and V-6 
 
 
 
Flash vacuum pyrolysis of a mixture of V-3 (45.7 mg, 0.2 mmol) and V-6 (55.7 mg, 
0.2 mmol) was performed at 1100 oC. The mixture was slowly sublimed (room 
temperature to 115 oC in 8 h) into a gentle stream of nitrogen carrier gas under vacuum 
(0.3 mmHg) in a flash vacuum pyrolysis apparatus that has been described in previous 
chapters. The hot zone was maintained at a constant temperature of 1100 °C, and the 
products were collected in a trap cooled by liquid nitrogen. The crude pyrolysis product 
mixtures were dissolved in dichloromethane and analyzed by 1H NMR spectroscopy 
before any separation was attempted by chromatography. The mass of the recovered 
material relative to the mass of the starting materials is 97%. 1H NMR of the crude 
pyrolysates was too complicate for products analyses.  
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Table 5. Experimental data of FVP of V-3 and V-6 
FVP 1 
Starting Material (mg) 50  
Temperature (oC) 1100 
Pressure (mmHg) 0.3 
Sublimation time (h) and  
temperature (oC) 
8 
75 
Mass recovery (%) 90 
Pyrolysate composition V-3+V-4+V-5+V-6+V7+V-8 
NMR analysis  
Starting material V-3 (%) * 
Starting material V-6 (%) * 
Cyclized material V-4 (%) + 
Cyclized material V-7 (%) + 
Rearranged material V-5 (%) + 
Rearranged material V-8 (%) + 
HPLC analysis  
Starting material V-3 (%) 51 
Starting material V-6 (%) 28 
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Cyclized material V-4 (%) 4 
Cyclized material V-7 (%) 5.3 
Rearranged material V-5 (%) 1 
Rearranged material V-8 (%) 10.7 
* The ratio between V-3 and V-6 is 2:1. + % could not be determined by NMR spectrum 
from each of those FVP. 
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Appendix 1 
 
 
Calculated XYZ coordinates and energies from 
B3LYP/6-31G* geometry optimizations 
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Figure 1.   Homodesmic energy comparisons between the parent [5]helicene (I-9) 
and the benzo[5]helicene (I-14) for the three cyclodehydrogenation 
pathways(B3LYP/6-31G*). 
 
 
 
 
 
 
Figure 2   Homodesmic energy comparisons between the parent [5]helicene (I-9) 
and the benzo[5]helicene (I-17) for electrocyclic pathway (UB3LYP/6-31G*). 
 
 A2
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-9 
                 Coordinates (Angstroms)                         
   ATOM           X           Y           Z                           
1   H          -3.209599   -0.887632    3.083390 
2   C          -2.769268   -0.617472    2.126708 
3   H          -4.579243   -0.864072    1.023500 
4   C          -3.526647   -0.593534    0.996163 
5   C          -0.724871   -0.035646    0.856964 
6   C          -2.972655   -0.106164   -0.228239 
7   C          -1.375627   -0.293032    2.095998 
8   C          -1.583573    0.230088   -0.294630 
9   C          -3.810195    0.129918   -1.346373 
10  H          -1.186594   -0.362271    4.252553 
11  C           1.375627    0.293032    2.095998 
12  C           0.655029    0.191503    3.319823 
13  C          -3.330838    0.756185   -2.476750 
14  H          -4.855410   -0.163008   -1.279760 
15  H          -3.986717    0.944266   -3.322291 
16  C          -1.991411    1.191768   -2.507135 
17  H          -1.620038    1.743401   -3.366531 
18  C          -1.145418    0.935451   -1.445974 
19  H          -0.127722    1.301460   -1.487415 
20  C           0.724871    0.035646    0.856964 
21  C           3.526647    0.593534    0.996163 
22  C           1.583573   -0.230088   -0.294630 
23  C           2.769268    0.617472    2.126708 
24  C           2.972655    0.106164   -0.228239 
25  C           1.145418   -0.935451   -1.445974 
26  H           3.209599    0.887632    3.083390 
27  H           4.855410    0.163008   -1.279760 
28  H           4.579243    0.864072    1.023500 
29  C           1.991411   -1.191768   -2.507135 
30  H           0.127722   -1.301460   -1.487415 
31  H           1.620038   -1.743401   -3.366531 
32  C           3.330838   -0.756185   -2.476750 
33  H           3.986717   -0.944266   -3.322291 
34  C           3.810195   -0.129918   -1.346373 
35  C          -0.655029   -0.191503    3.319823 
36  H           1.186594    0.362271    4.252553 
 
Point Group: c2 
Energy: -846.806948729 
 A3
Calculated DFT (Single Point Energy UB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-11 
   Coordinates (Angstroms)                         
 ATOM          X            Y             Z   
    1      H       3.214533    -3.023135     0.907031 
    2      C       2.773802    -2.070798     0.622549 
    3      H       4.579850    -0.960633     0.866714 
    4      C       3.528873    -0.938941     0.589450 
    5      C       0.730271    -0.812798     0.012833 
    6      C       2.975237     0.278198     0.083821 
    7      C       1.382110    -2.047151     0.289266 
    8      C       1.588099     0.337389    -0.261679 
    9      C       3.811794     1.395240    -0.160761 
   10      H       1.197308    -4.203121     0.383635 
   11      C      -1.365498    -2.060426    -0.313520 
   12      C      -0.642897    -3.281313    -0.192688 
   13      C       3.333844     2.516836    -0.803672 
   14      H       4.855336     1.334531     0.139323 
   15      H       3.989038     3.361486    -0.998044 
   16      C       1.997046     2.538926    -1.247754 
   17      H       1.627206     3.390710    -1.812076 
   18      C       1.151790     1.479079    -0.983683 
   19      H      -1.171393    -4.217239    -0.355312 
   20      C      -0.719004    -0.816901    -0.067294 
   21      C      -3.517006    -0.969134    -0.640517 
   22      C      -1.581800     0.335926     0.179142 
   23      C      -2.757057    -2.098194    -0.646054 
   24      C      -2.968651     0.262346    -0.164740 
   25      C      -1.150457     1.496748     0.873077 
   26      H      -3.193661    -3.059075    -0.907212 
   27      H      -4.853286     1.308893    -0.245877 
   28      H      -4.567864    -1.002111    -0.917115 
   29      C      -2.000291     2.559062     1.111276 
   30      H      -0.135114     1.544914     1.244753 
   31      H      -1.634158     3.425938     1.654647 
   32      C      -3.336957     2.520386     0.667936 
   33      H      -3.995799     3.366690     0.841693 
   34      C      -3.810031     1.381400     0.052583 
   35      C       0.664789    -3.273727     0.198271 
  
   Point Group:  C1 
   Energy: -846.1203278643 
 
 A4
Calculated DFT (RB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-12 
                       Coordinates (Angstroms) 
      ATOM            X             Y             Z 
    1  H           3.423621   -3.054144   -0.619512 
    2  C           2.919926   -2.110208   -0.426564 
    3  H           4.671683   -0.922364   -0.692860 
    4  C           3.610112   -0.935791   -0.457886 
    5  C           0.800403   -0.918369    0.024240 
    6  C           2.974435    0.290870   -0.096663 
    7  C           1.517158   -2.135026   -0.160937 
    8  C           1.576506    0.303354    0.205071 
    9  C           3.738943    1.477921    0.037643 
   10  C           0.844258   -3.388568   -0.079209 
   11  H           0.043251    1.496154    1.170373 
   12  C          -0.640040   -0.983677    0.037372 
   13  C           3.178982    2.631800    0.539256 
   14  H           4.791701    1.447485   -0.233037 
   15  H           3.779143    3.530438    0.653352 
   16  C           1.831971    2.621409    0.953094 
   17  H           1.401674    3.503913    1.419017 
   18  C           1.054805    1.492335    0.783902 
   19  C          -3.483286   -1.211534    0.297227 
   20  C          -1.270348   -2.251351    0.196068 
   21  C          -1.503091    0.168239   -0.206737 
   22  C          -2.909007    0.056268    0.042202 
   23  C          -2.686462   -2.328464    0.332039 
   24  H          -1.002795   -4.402466    0.279303 
   25  C          -1.044611    1.270733   -0.968015 
   26  C          -3.731628    1.252228    0.065262 
   27  H          -3.131825   -3.311024    0.471493 
   28  H          -4.557024   -1.295129    0.449503 
   29  C          -0.496654   -3.447443    0.162932 
   30  H           1.430347   -4.298060   -0.184308 
   31  C          -3.263081    2.436219   -0.371233 
   32  H          -4.727519    1.161048    0.494569 
   33  H          -2.054493    2.700039   -2.123222 
   34  H          -3.832742    3.354366   -0.238947 
   35  C          -1.929530    2.470094   -1.049915 
   36  H          -1.324783    3.328705   -0.704873   
 
Point Group: c1  
   Energy: -846.675067770 
 A5
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-13 
Coordinates (Angstroms) 
   ATOM             X            Y              Z 
1   C            0.729363    0.022838     0.997312 
2   H           -1.234438   -0.032275     4.396527 
3   C           -0.729363   -0.022838     0.997312 
4   C           -1.429173   -0.043590     2.260585 
5   C            1.429173    0.043590      2.260585 
6   C           -0.712980   -0.278398    -1.513705 
7   C            0.698222    0.018182      3.450633 
8   C            2.859924    0.111855      2.247406 
9   C           -0.698222   -0.018182      3.450633 
10  H            1.234438    0.032275      4.396527 
11  C           -1.437924   -0.082541    -0.193297 
12  C           -2.859924   -0.111855      2.247406 
13  C            3.553894    0.137679      1.076233 
14  H            3.383694    0.139883      3.200030 
15  C            2.873989    0.101154     -0.190860 
16  H            4.640701    0.173795      1.077930 
17  C            1.437924    0.082541     -0.193297 
18  C            3.566177   -0.006655     -1.395526 
19  C           -3.566177    0.006655     -1.395526 
20  C            0.712980    0.278398     -1.513705 
21  C           -3.553894   -0.137679      1.076233 
22  H            -3.383694  -0.139883      3.200030 
23  C            -2.873989  -0.101154     -0.190860 
24  H            -4.640701  -0.173795      1.077930 
25  C             2.877267   -0.264947     -2.618660 
26  H             4.652995   -0.014512     -1.381859 
27  C             1.521515   -0.228803     -2.679941 
28  H             3.457487   -0.546759     -3.494429 
29  H             0.617407    1.387741     -1.641512 
30  H             1.003469   -0.494357     -3.596866 
31  H             -4.652995   0.014512     -1.381859 
32  C             -2.877267   0.264947     -2.618660 
33  H             -3.457487   0.546759     -3.494429 
34  H             -1.003469   0.494357     -3.596866 
35  C             -1.521515   0.228803     -2.679941 
36  H             -0.617407  -1.387741     -1.641512 
 
Point Group: c2 
Energy: -846.730145604 
 A6
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-14 
                     Coordinates (Angstroms) 
      ATOM             X            Y            Z 
    1  H           0.986648   -3.277504    2.142472 
    2  C           0.659993   -2.781504    1.236535 
    3  H           0.845967   -4.565289    0.082948 
    4  C           0.571848   -3.513171    0.087888 
    5  C           0.029700   -0.730423    0.061624 
    6  C           0.023803   -2.937841   -1.092676 
    7  C           0.335980   -1.389815    1.270752 
    8  C          -0.297423   -1.545017   -1.098993 
    9  C          -0.272675   -3.739629   -2.224034 
   10  C           0.240626   -0.669581    2.537071 
   11  H          -1.384211   -0.030888   -2.207755 
   12  C          -0.659993    2.781504    1.236535 
   13  C          -0.938548   -3.215328   -3.309265 
   14  H           0.008828   -4.789857   -2.202089 
   15  H          -1.174005   -3.840760   -4.165944 
   16  C          -1.350667   -1.866301   -3.282182 
   17  H          -1.929192   -1.461241   -4.108010 
   18  C          -1.036922   -1.056035   -2.210505 
   19  H          -0.845967    4.565289    0.082948 
   20  C          -0.571848    3.513171    0.087888 
   21  C          -0.029700    0.730423    0.061624 
   22  C          -0.023803    2.937841   -1.092676 
   23  C          -0.335980    1.389815    1.270752 
   24  C           0.297423    1.545017   -1.098993 
   25  C           0.272675    3.739629   -2.224034 
   26  H          -0.892087    2.303535    3.806724 
   27  H           1.384211    0.030888   -2.207755 
   28  H          -0.986648    3.277504    2.142472 
   29  C           0.938548    3.215328   -3.309265 
   30  H          -0.008828    4.789857   -2.202089 
   31  H           1.174005    3.840760   -4.165944 
   32  C           1.350667    1.866301   -3.282182 
   33  H           1.929192    1.461241   -4.108010 
   34  C           1.036922    1.056035   -2.210505 
   35  C          -0.263352    0.649757    4.979433 
   36  C          -0.240626    0.669581    2.537071 
   37  C           0.503958   -1.292342    3.778926 
   38  C           0.263352   -0.649757    4.979433 
   39  C          -0.503958    1.292342    3.778926 
 A7
   40  H          -0.472487    1.157197    5.917082 
   41  H           0.892087   -2.303535    3.806724 
   42  H           0.472487   -1.157197    5.917082 
    
Point Group: c2     
 
   Energy : -1000.447845302 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A8
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-15 
Coordinates (Angstroms) 
   ATOM          X              Y              Z 
1   C       -0.026636     -0.732891     -0.167298 
2   C        0.009731      1.389630     -3.912838 
3   C        0.026636      0.732891     -0.167298 
4   C        0.048540      1.441917     -1.414518 
5   C       -0.048540     -1.441917     -1.414518 
6   C        0.264720      0.713758      2.359390 
7   C       -0.012981     -0.718227    -2.654877 
8   C       -0.129469     -2.864983    -1.370521 
9   C        0.012981      0.718227     -2.654877 
10  H       -0.010480     -2.472296    -3.942545 
11  C        0.081502      1.435969      1.038930 
12  C        0.129469      2.864983     -1.370521 
13  C       -0.154317     -3.551162     -0.189597 
14  H       -0.174411     -3.430933     -2.292897 
15  C       -0.106774     -2.864126      1.059466 
16  H       -0.199801     -4.637523     -0.188476 
17  C       -0.081502     -1.435969      1.038930 
18  C        0.004467     -3.554268      2.278173 
19  C       -0.004467      3.554268      2.278173 
20  C       -0.264720     -0.713758      2.359390 
21  C        0.154317      3.551162     -0.189597 
22  H        0.174411      3.430933     -2.292897 
23  C        0.106774      2.864126      1.059466 
24  H        0.199801      4.637523     -0.188476 
25  C        0.294961     -2.863549      3.481441 
26  H        0.000523     -4.640999      2.266634 
27  C        0.279860     -1.501257      3.519032 
28  H        0.591367     -3.434592      4.358453 
29  H       -1.375481     -0.635779      2.506100 
30  H        0.586280     -0.967078      4.413415 
31  H       -0.000523      4.640999      2.266634 
32  C       -0.294961      2.863549      3.481441 
33  H       -0.591367      3.434592      4.358453 
34  H       -0.586280      0.967078      4.413415 
35  C       -0.279860      1.501257      3.519032 
36  H        1.375481      0.635779      2.506100 
37  C        0.001537      0.706562     -5.103950 
38  H        0.010480      2.472296     -3.942545 
39  H       -0.000047      1.252110     -6.043515 
 A9
40  C       -0.001537     -0.706562     -5.103950 
41  C       -0.009731     -1.389630     -3.912838 
42  H        0.000047     -1.252110     -6.043515 
 
Point Group: c2 
 
Energy : -1000.363221585 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A10
Calculated DFT (Single Point Energy UB3LYP/6-31G*) energy and X,Y,Z-coordinates for 
benzo-I-11 
Coordinates (Angstroms) 
        ATOM        X            Y             Z 
1      H       2.094698    -3.276425    -1.008948 
    2      C       1.186227    -2.780264    -0.689657 
    3      H       0.032529    -4.562282    -0.891236 
    4      C       0.035998    -3.510881    -0.614357 
    5      C       0.007589    -0.729512    -0.065275 
    6      C      -1.149111    -2.935656    -0.076096 
    7      C       1.218865    -1.389454    -0.361727 
    8      C      -1.156978    -1.543659     0.248663 
    9      C      -2.284114    -3.736950     0.207510 
   10      C       2.484999    -0.670874    -0.252445 
   11      H      -2.274404    -0.031109     1.328757 
   12      C       1.179685     2.779319     0.644680 
   13      C      -3.375073    -3.213165     0.864369 
   14      H      -2.260627    -4.786473    -0.076491 
   15      H      -4.234636    -3.838250     1.090031 
   16      C      -3.350455    -1.865236     1.280221 
   17      H      -4.181319    -1.460754     1.851898 
   18      C      -2.274957    -1.055352     0.978803 
   19      H       0.026314     4.563898     0.824275 
   20      C       0.032725     3.512486     0.547490 
   21      C       0.008608     0.731176    -0.002092 
   22      C      -1.143186     2.939882    -0.013268 
   23      C       1.215477     1.388433     0.317402 
   24      C      -1.147954     1.547900    -0.338148 
   25      C      -2.270797     3.743689    -0.318435 
   26      H       3.747026     2.297899     0.900014 
   27      H       5.866537    -1.161643    -0.453352 
   28      H       2.083006     3.273468     0.981236 
   29      C      -3.350201     3.222314    -0.995975 
   30      H      -2.250396     4.793163    -0.034015 
   31      H      -4.203917     3.849301    -1.237962 
   32      C      -3.320656     1.874324    -1.411311 
   33      H      -4.141371     1.471676    -1.998726 
   34      C      -2.252898     1.062061    -1.089470 
   35      C       4.923879     0.644447     0.278199 
   36      C       2.481866     0.667041     0.232253 
   37      C       3.728631    -1.294332    -0.505546 
   38      C       4.927489    -0.653703    -0.251847 
 A11
   39      C       3.721831     1.287742     0.509019 
   40      H       5.860042     1.150305     0.497572 
   41      H       3.759030    -2.304551    -0.896011 
  
Point Group: C1    
 
Energy: -999.7609290154 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A12
Calculated DFT (RB3LYP/6-31G*) energy and X,Y,Z-coordinates for benzo-I-12 
                    Coordinates (Angstroms) 
     ATOM           X           Y           Z 
    1  H           2.338670   -3.215185   -0.943322 
    2  C           1.416012   -2.744577   -0.625668 
    3  H           0.294356   -4.534658   -0.915504 
    4  C           0.271473   -3.491846   -0.608525 
    5  C           0.176934   -0.736740    0.006261 
    6  C          -0.944282   -2.951232   -0.108159 
    7  C           1.412207   -1.363471   -0.271237 
    8  C          -0.989916   -1.568904    0.250894 
    9  C          -2.080378   -3.776773    0.098573 
   10  C           2.656174   -0.607218   -0.152988 
   11  H          -2.158637   -0.122401    1.374213 
   12  H           0.005530    4.626404    0.295636 
   13  C          -3.202435   -3.291340    0.729488 
   14  H          -2.030533   -4.814957   -0.221093 
   15  H          -4.060200   -3.936011    0.900594 
   16  C          -3.211677   -1.960199    1.199865 
   17  H          -4.064419   -1.593017    1.764773 
   18  C          -2.141749   -1.123301    0.960877 
   19  C           5.045244    0.818157    0.326495 
   20  C           3.920974   -1.230141   -0.262402 
   21  C           2.609526    0.775711    0.174581 
   22  C           3.822243    1.455336    0.428093 
   23  C           5.095003   -0.536022   -0.034408 
   24  H           3.985535   -2.284721   -0.502127 
   25  C           1.318975    1.456994    0.170019 
   26  H           3.807048    2.499919    0.717515 
   27  H           6.050576   -1.046023   -0.119060 
   28  H           5.961193    1.366738    0.527400 
   29  C          -1.163272    2.840029   -0.066064 
   30  C           1.230546    2.872562    0.249277 
   31  C           0.127616    0.712014    0.009658 
   32  C          -1.108351    1.424273   -0.271076 
   33  C           0.030167    3.545172    0.178681 
   34  H           2.136575    3.455969    0.366172 
   35  C          -2.446340    3.520743   -0.077590 
   36  C          -2.147716    0.805507   -1.012672 
   37  C          -3.565146    2.895928   -0.487623 
   38  H          -2.472877    4.538955    0.305493 
   39  H          -4.543442    3.362118   -0.384006 
 A13
   40  H          -4.210262    0.845579   -0.697225 
   41  C          -3.446509    1.535181   -1.102835 
   42  H          -3.724437    1.575447   -2.170974 
    
Point Group: C1     
 
   Energy: -1000.316268691 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A14
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-17 
Coordinates (Angstroms) 
     ATOM          X           Y           Z 
    1  H           5.413314   -1.958854   -1.674468 
    2  C           4.568920   -1.379250   -1.311979 
    3  H           5.781362    0.179050   -0.473231 
    4  C           4.773507   -0.196573   -0.634234 
    5  C           2.174275   -1.087246   -1.091499 
    6  C           3.683782    0.579828   -0.169750 
    7  C           3.252039   -1.808393   -1.567351 
    8  C           2.347179    0.099363   -0.333371 
    9  C           3.909354    1.879770    0.384794 
   10  H           3.078641   -2.707999   -2.151540 
   11  C          -0.534806   -0.936183    0.528449 
   12  H           1.173359   -1.429225   -1.320947 
   13  C           2.860234    2.704873    0.647812 
   14  H           4.933361    2.220009    0.518324 
   15  H           3.026951    3.726634    0.980193 
   16  C           1.508125    2.257062    0.499161 
   17  C           0.437533    3.170890    0.672084 
   18  C           1.231188    0.903096    0.162642 
   19  C          -0.854049    2.782255    0.438951 
   20  H           0.664595    4.200744    0.935974 
   21  H          -1.647056    3.518059    0.504221 
   22  C          -1.173910    1.417184    0.206979 
   23  C          -2.545800    1.000051   -0.090198 
   24  C          -0.140630    0.452262    0.250086 
   25  C          -5.125924    0.176270   -0.880105 
   26  C          -2.876144   -0.380130   -0.119494 
   27  C          -3.541764    1.939009   -0.441062 
   28  C          -4.810988    1.540896   -0.823600 
   29  C          -4.169082   -0.762699   -0.534611 
   30  H          -3.273584   -2.992457    0.548497 
   31  H          -3.305493    2.996920   -0.454513 
   32  H          -5.551243    2.286329   -1.100499 
   33  H          -4.420683   -1.815272   -0.604494 
   34  H          -6.112053   -0.146523   -1.201952 
   35  C          -1.335243   -3.558483    1.220915 
   36  C          -1.882115   -1.349223    0.337937 
   37  C           0.357078   -1.843459    1.148590 
   38  C          -0.026237   -3.129356    1.482480 
   39  C          -2.245557   -2.671805    0.674949 
 A15
   40  H          -1.646347   -4.566399    1.481308 
   41  H           1.360073   -1.515774    1.389526 
   42  H           0.683838   -3.795251    1.965027 
    
Point Group: C1     
 
   Energy: -1000.450243845 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A16
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for I-18 
Coordinates (Angstroms) 
     ATOM          X           Y          Z 
    1  C          -1.335330   -1.457525   -0.066075 
    2  C          -2.688811   -0.906396    0.016768 
    3  C          -5.291340    0.166698    0.234471 
    4  C          -3.828701   -1.739979    0.086684 
    5  C          -2.879288    0.500166    0.048817 
    6  C          -4.192240    1.004659    0.167349 
    7  C          -5.106825   -1.221536    0.187258 
    8  H          -3.711696   -2.817260    0.071564 
    9  C          -1.716982    1.394049   -0.024209 
   10  H          -4.353943    2.074942    0.227381 
   11  H          -5.960697   -1.891438    0.240521 
   12  H          -6.289184    0.586097    0.329048 
   13  C          -1.094334   -2.827297   -0.130777 
   14  C          -0.400254    0.821887    0.006456 
   15  H          -1.923846   -3.523563   -0.167154 
   16  C           0.199188   -3.361935   -0.144273 
   17  C           1.322908   -2.546587   -0.102387 
   18  H           0.328394   -4.440629   -0.187929 
   19  C           2.651334   -3.084628   -0.129765 
   20  C           1.148092   -1.112096   -0.054287 
   21  C           2.265218   -0.290787   -0.055180 
   22  C          -0.206983   -0.555376   -0.046051 
   23  C          -1.848660    2.765062   -0.201487 
   24  H           0.860232    1.855258    1.353943 
   25  C           3.740930   -2.272127   -0.090166 
   26  H           2.767058   -4.164853   -0.178960 
   27  H           4.745258   -2.688759   -0.093346 
   28  C           3.592704   -0.842724   -0.028292 
   29  C           4.687022    0.001126    0.143048 
   30  C           2.120038    1.203915   -0.243666 
   31  H           5.683867   -0.429895    0.186074 
   32  C           4.510469    1.390949    0.418509 
   33  C           3.285252    1.967400    0.331851 
   34  H           5.368244    1.970959    0.751354 
   35  H           3.142979    3.008413    0.606371 
   36  H           2.143238    1.365226   -1.352497 
   37  H           1.397053    3.758129   -0.546892 
   38  C          -0.719647    3.609998   -0.437778 
   39  H          -2.833135    3.209703   -0.286894 
 A17
   40  C           0.539579    3.135254   -0.310532 
   41  H          -0.896156    4.630296   -0.769957 
   42  C           0.778997    1.755201    0.241090 
 
   Point Group: C1     
 
   Energy: -1000.373112191 
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Figure 3. Homodesmic energy comparisons between 9,10-diphenylphenanthrene 
(II-3) and 9-biphenyl-2-yl-phenanthrene (II-4) for the three cyclodehydrogenation 
pathways(B3LYP/6-31G*). 
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Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-3 
                       Coordinates (Angstroms) 
     ATOM              X           Y           Z 
    1  H          -4.640927    0.000000   -2.550111 
    2  C          -3.554419    0.000000   -2.569561 
    3  H          -3.370800    0.000000   -0.440448 
    4  C          -2.841822    0.000000   -1.386527 
    5  C          -1.487680    0.000000   -3.815690 
    6  C          -1.425038    0.000000   -1.378495 
    7  C          -2.869264    0.000000   -3.796211 
    8  C          -0.727830    0.000000   -2.622262 
    9  C          -0.686936    0.000000   -0.129396 
   10  H          -3.422782    0.000000   -4.731306 
   11  H           0.984510    0.000000   -4.775931 
   12  H          -0.984510    0.000000   -4.775931 
   13  C           0.686936    0.000000   -0.129396 
   14  C          -1.452500    0.000000    1.160254 
   15  C           1.452500    0.000000    1.160254 
   16  C           1.425038    0.000000   -1.378495 
   17  C           2.841822    0.000000   -1.386527 
   18  C           0.727830    0.000000   -2.622262 
   19  C           3.554419    0.000000   -2.569561 
   20  H           3.370800    0.000000   -0.440448 
   21  H           4.640927    0.000000   -2.550111 
   22  C           2.869264    0.000000   -3.796211 
   23  H           3.422782    0.000000   -4.731306 
   24  C           1.487680    0.000000   -3.815690 
   25  C           2.899334    0.000000    3.572913 
   26  C           1.824751    1.205054    1.771924 
   27  C           1.824751   -1.205054    1.771924 
   28  C           2.540655   -1.206070    2.969627 
   29  C           2.540655    1.206070    2.969627 
   30  H           1.549794    2.146973    1.304857 
   31  H           1.549794   -2.146973    1.304857 
   32  H           2.817245   -2.150251    3.431718 
   33  H           2.817245    2.150251    3.431718 
   34  H           3.455589    0.000000    4.506518 
   35  C          -2.899334    0.000000    3.572913 
   36  C          -1.824751    1.205054    1.771924 
   37  C          -1.824751   -1.205054    1.771924 
   38  C          -2.540655   -1.206070    2.969627 
   39  C          -2.540655    1.206070    2.969627 
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   40  H          -1.549794    2.146973    1.304857 
   41  H          -3.455589    0.000000    4.506518 
   42  H          -2.817245   -2.150251    3.431718 
   43  H          -2.817245    2.150251    3.431718 
   44  H          -1.549794   -2.146973    1.304857 
    
Point Group: c2v    
 
   Energy: -1001.638507995 
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Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-4 
 
                       Coordinates (Angstroms) 
     ATOM              X           Y           Z 
    1  H           4.323049   -3.031647    2.046315 
    2  C           3.891612   -2.148841    1.582630 
    3  H           1.888879   -2.590484    2.215165 
    4  C           2.536720   -1.903426    1.676216 
    5  C           4.169379   -0.120864    0.288506 
    6  C           1.959577   -0.759161    1.076905 
    7  C           4.712937   -1.245773    0.881984 
    8  C           2.784354    0.156854    0.364537 
    9  C           0.555367   -0.507963    1.192974 
   10  H           5.780896   -1.431498    0.805562 
   11  H           3.980876    2.138463   -1.106689 
   12  H           4.830675    0.554226   -0.243483 
   13  C          -0.045822    0.584607    0.636995 
   14  H          -0.042557   -1.218688    1.757599 
   15  H          -0.905415    2.797706   -0.667136 
   16  C           0.755567    1.531000   -0.117570 
   17  C           0.165832    2.651776   -0.753051 
   18  C           2.164121    1.323545   -0.250687 
   19  C           0.924120    3.552191   -1.476557 
   20  C          -1.507973    0.813791    0.863344 
   21  H           0.447738    4.403174   -1.955747 
   22  C           2.310997    3.360802   -1.592021 
   23  H           2.914395    4.066286   -2.156716 
   24  C           2.910289    2.268470   -0.993344 
   25  C          -4.209881    1.259169    1.522805 
   26  C          -2.507923   -0.046051    0.350238 
   27  C          -1.890649    1.883027    1.689862 
   28  C          -3.224166    2.111341    2.020112 
   29  C          -3.848160    0.197087    0.698996 
   30  C          -2.210702   -1.195627   -0.553284 
   31  H          -1.118029    2.531757    2.093664 
   32  H          -3.488884    2.943848    2.666404 
   33  H          -4.617592   -0.452157    0.290620 
   34  H          -5.255762    1.424511    1.767286 
   35  C          -1.744822   -3.372222   -2.281598 
   36  C          -2.756882   -2.460713   -0.283848 
   37  C          -1.430535   -1.041593   -1.710245 
   38  C          -1.200483   -2.118180   -2.564968 
 A22
   39  C          -2.524350   -3.539747   -1.137050 
   40  H          -3.354405   -2.601541    0.613079 
   41  H          -1.012351   -0.068717   -1.948748 
   42  H          -0.597351   -1.975204   -3.457676 
   43  H          -2.950380   -4.512197   -0.903840 
   44  H          -1.562306   -4.211337   -2.947539 
    
Point Group: c1    
 
   Energy:  -1001.643855459 
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Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-5 
                     Coordinates (Angstroms) 
    ATOM           X           Y           Z 
    1  H          -3.093035   -4.317033   -0.283082 
    2  C          -2.997641   -3.239022   -0.184724 
    3  H          -0.869457   -3.267478   -0.362987 
    4  C          -1.749468   -2.649380   -0.228038 
    5  C          -4.014178   -1.068759    0.091249 
    6  C          -1.589618   -1.246940   -0.103003 
    7  C          -4.141136   -2.440653   -0.016214 
    8  C          -2.751383   -0.433033    0.044282 
    9  C          -0.273331   -0.637294   -0.121858 
   10  H          -5.126394   -2.897345    0.022931 
   11  H          -4.715431    1.478703    0.277732 
   12  H          -4.913152   -0.474905    0.211346 
   13  C          -0.132292    0.726419   -0.024091 
   14  C           0.937087   -1.511425   -0.238411 
   15  C           1.241308    1.323647    0.034549 
   16  C          -1.297446    1.584385    0.063912 
   17  C          -1.167909    2.995138    0.081298 
   18  C          -2.602911    1.013514    0.119897 
   19  C          -2.271286    3.820161    0.180763 
   20  H          -0.179826    3.431487   -0.007845 
   21  H          -2.144596    4.899428    0.186538 
   22  C          -3.555843    3.258201    0.263882 
   23  H          -4.429157    3.899711    0.344736 
   24  C          -3.711723    1.885360    0.228550 
   25  C           3.220578   -3.142261   -0.458655 
   26  C           1.367090   -2.293608    0.844046 
   27  C           1.667123   -1.562958   -1.436007 
   28  C           2.801296   -2.371038   -1.543138 
   29  C           2.500525   -3.099867    0.736899 
   30  H           0.811824   -2.261938    1.777836 
   31  H           1.345912   -0.958135   -2.278242 
   32  H           3.353893   -2.400618   -2.478915 
   33  H           2.822043   -3.694373    1.588268 
   34  H           4.101472   -3.773198   -0.543665 
   35  C           4.004632    1.939069    0.453423 
   36  C           1.710883    1.909339    1.219700 
   37  H           5.072885    1.871453    0.650763 
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   38  H           3.649460    2.739751   -1.493685 
   39  C           3.106711    2.101166    1.459661 
   40  H           1.007768    2.195072    2.002110 
   41  H           3.428899    2.309594    2.477115 
   42  C           2.025194    1.482645   -1.111399 
   43  C           3.479745    1.802683   -0.933285 
   44  H           4.070883    1.074332   -1.514242 
    
Point Group: c1    
    
Energy: -1001.492715593 
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Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-6 
                   Coordinates (Angstroms) 
    ATOM            X          Y           Z 
    1  H           4.601304   -2.457452    2.461072 
    2  C           4.006627   -1.692748    1.970078 
    3  C           0.432072   -0.671872    1.831040 
    4  C           2.633923   -1.634623    2.144520 
    5  C           3.871499    0.249840    0.511828 
    6  C           1.843306   -0.636350    1.523366 
    7  C           4.619103   -0.734401    1.151503 
    8  C           2.476122    0.318832    0.665153 
    9  H          -2.532853   -0.084805   -2.524357 
   10  H           5.696981   -0.755024    1.009110 
   11  H           3.242466    2.104345   -1.283669 
   12  H           4.395890    0.973186   -0.103228 
   13  H           0.846210   -3.489771   -1.270041 
   14  H          -1.256439   -1.260871   -4.288119 
   15  H           0.446746   -2.965687   -3.669563 
   16  C           0.280002    1.428383    0.277565 
   17  C          -0.494694    2.404490   -0.362933 
   18  C           1.655110    1.324170   -0.030624 
   19  C           0.059831    3.253547   -1.314538 
   20  C          -1.826564    0.306374    1.220725 
   21  H          -0.560913    3.998042   -1.805902 
   22  C           1.413782    3.137973   -1.641792 
   23  H           1.854745    3.787805   -2.392601 
   24  C           2.197302    2.185972   -1.005737 
   25  C          -4.626343    0.041616    1.023317 
   26  C          -2.390668   -0.437396    0.158825 
   27  C          -2.683007    0.892811    2.160174 
   28  C          -4.068992    0.763743    2.075656 
   29  C          -3.788077   -0.548006    0.078693 
   30  C          -1.573460   -1.113619   -0.891129 
   31  H          -2.253048    1.470290    2.975819 
   32  H          -4.704292    1.228945    2.824564 
   33  H          -4.216564   -1.129757   -0.732971 
   34  H          -5.704065   -0.069819    0.938845 
   35  C          -0.116549   -2.450820   -2.895664 
   36  C          -0.616850   -2.084189   -0.555886 
   37  C          -1.796858   -0.835702   -2.249414 
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   38  C          -1.074286   -1.495648   -3.242452 
   39  C           0.109348   -2.741505   -1.550391 
   40  H          -0.454420   -2.324181    0.493025 
   41  H           2.108955   -2.344046    2.776971 
   42  C          -0.318730    0.522102    1.347503 
   43  H          -0.185418    1.077446    2.308297 
   44  H          -1.548235    2.488385   -0.116635 
    
Point Group: c1     
   Energy: -1001.511394324 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A27
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for II-7 
Coordinates (Angstroms) 
    ATOM           X           Y           Z 
    1  H          -2.650380   -4.602742   -0.031010 
    2  C          -2.639836   -3.516369   -0.010398 
    3  H          -0.510004   -3.396736   -0.062675 
    4  C          -1.437266   -2.837680   -0.023438 
    5  C          -3.824465   -1.416175    0.026613 
    6  C          -1.385348   -1.421613   -0.000574 
    7  C          -3.846060   -2.797487    0.022023 
    8  C          -2.610049   -0.690562    0.009086 
    9  C          -0.118360   -0.713305   -0.020358 
   10  H          -4.796690   -3.323687    0.034176 
   11  H          -4.718956    1.075574    0.059438 
   12  H          -4.769503   -0.885332    0.037051 
   13  C          -0.084053    0.660366   -0.074657 
   14  C           1.157585   -1.496212    0.003199 
   15  C           1.223635    1.391367   -0.114066 
   16  C          -1.313508    1.429252   -0.064092 
   17  C          -1.286776    2.846185   -0.079450 
   18  C          -2.573430    0.764219   -0.011056 
   19  C          -2.450981    3.588165   -0.052152 
   20  H          -0.328710    3.351918   -0.109848 
   21  H          -2.404306    4.673719   -0.064422 
   22  C          -3.693565    2.934268   -0.004601 
   23  H          -4.614175    3.511065    0.018203 
   24  C          -3.747055    1.553763    0.017137 
   25  C           3.675179    2.767043   -0.186723 
   26  C           1.967181    1.589884    1.057119 
   27  C           1.722965    1.900036   -1.321985 
   28  C           2.940606    2.580507   -1.358687 
   29  C           3.184564    2.270517    1.021689 
   30  H           1.588976    1.203953    1.999716 
   31  H           1.155347    1.753828   -2.236986 
   32  H           3.316187    2.962905   -2.304344 
   33  H           3.749773    2.412606    1.939162 
   34  H           4.624034    3.296178   -0.215024 
   35  C           3.593423   -2.950780    0.011568 
   36  C           1.544973   -2.265951    1.120766 
   37  C           2.046052   -1.511444   -1.055415 
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   38  C           3.239496   -2.193937   -1.115830 
   39  C           2.745181   -2.979156    1.121179 
   40  H           0.896447   -2.294250    1.993583 
   41  H           4.526172   -3.509782    0.018655 
   42  H           3.884420   -2.154253   -1.989750 
   43  H           3.021278   -3.559866    1.997182 
    
   Point Group: c1     
   Energy: -1000.951286255 
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Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for II-8 
Coordinates (Angstroms) 
   ATOM             X           Y           Z 
    1  H           3.726046   -3.593209    2.179370 
    2  C           3.451392   -2.660640    1.694473 
    3  H           1.371496   -2.793024    2.229819 
    4  C           2.143252   -2.220570    1.724255 
    5  C           4.092802   -0.706720    0.409413 
    6  C           1.780765   -1.007512    1.094309 
    7  C           4.430130   -1.894631    1.033956 
    8  C           2.764606   -0.222543    0.412598 
    9  C           0.467361   -0.493366    1.107904 
   10  H           5.460959   -2.237549    1.012221 
   11  H           4.301783    1.516854   -1.033526 
   12  H           4.874332   -0.144060   -0.089711 
   13  C           0.006531    0.648057    0.562476 
   14  H          -2.117023   -4.300962   -2.451716 
   15  H          -0.439580    2.926839   -0.838646 
   16  C           0.983591    1.443441   -0.180117 
   17  C           0.600072    2.619808   -0.867091 
   18  C           2.348265    1.014073   -0.243401 
   19  C           1.520048    3.372517   -1.572646 
   20  C          -1.410154    1.085849    0.755346 
   21  H           1.200578    4.270968   -2.093771 
   22  C           2.864242    2.969201   -1.617665 
   23  H           3.593160    3.557395   -2.168149 
   24  C           3.260820    1.814017   -0.969957 
   25  C          -4.030955    1.929649    1.338374 
   26  C          -2.509394    0.296654    0.342636 
   27  C          -1.652020    2.282463    1.448877 
   28  C          -2.945858    2.708423    1.739388 
   29  C          -3.806818    0.740384    0.649836 
   30  C          -2.358773   -0.978253   -0.416247 
   31  H          -0.803827    2.873026    1.783648 
   32  H          -3.102896    3.636626    2.282153 
   33  H          -4.652200    0.144465    0.317298 
   34  H          -5.047294    2.248112    1.554082 
   35  C          -2.185675   -3.376404   -1.884793 
   36  C          -3.029818   -2.135004    0.010291 
   37  C          -1.600909   -1.045833   -1.595998 
   38  C          -1.516508   -2.231660   -2.322867 
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   39  C          -2.942447   -3.323853   -0.714394 
   40  H          -3.610515   -2.103956    0.928425 
   41  H          -1.085918   -0.158885   -1.952423 
   42  H          -0.929378   -2.260697   -3.237010 
   43  H          -3.464271   -4.209487   -0.361018 
    
Point Group: c1    
   Energy: -1000.956642405 
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Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-9-trans 
                       Coordinates (Angstroms) 
   ATOM            X           Y           Z 
    1  H          -2.706250   -4.398014   -1.179411 
    2  C          -2.676309   -3.380367   -0.799994 
    3  H          -0.568502   -3.174676   -1.110940 
    4  C          -1.469478   -2.694073   -0.747315 
    5  C          -3.801283   -1.414479    0.019413 
    6  C          -1.390072   -1.373987   -0.260384 
    7  C          -3.846571   -2.743950   -0.380296 
    8  C          -2.591471   -0.695235    0.061542 
    9  C          -0.097230   -0.686206   -0.112889 
   10  H          -4.798648   -3.266808   -0.408750 
   11  H          -4.625064    0.954377    0.866986 
   12  H          -4.734908   -0.918221    0.258463 
   13  C          -0.080873    0.787903   -0.156175 
   14  C           1.048754   -1.379588    0.249369 
   15  H           2.140326    0.187381   -1.609939 
   16  C          -1.375264    1.486114   -0.064756 
   17  C          -1.511309    2.868150   -0.329172 
   18  C          -2.563962    0.766230    0.250457 
   19  C          -2.691960    3.554276   -0.080121 
   20  H          -0.682861    3.408905   -0.766415 
   21  H          -2.748983    4.620111   -0.283865 
   22  C          -3.798644    2.867121    0.424669 
   23  H          -4.718036    3.394096    0.663917 
   24  C          -3.734898    1.486563    0.550347 
   25  C           2.386866   -0.657652    0.320126 
   26  C           1.154631    1.429430   -0.167793 
   27  C           3.658375    1.329890   -0.671690 
   28  C           3.562775   -1.590758    0.101105 
   29  C           2.352889    0.576061   -0.594307 
   30  H           0.613398    3.325882    0.754916 
   31  H           0.123108   -3.186389    1.071333 
   32  H           2.494229   -0.288636    1.368275 
   33  C           3.777111    2.624902   -0.331557 
   34  H           4.520365    0.790469   -1.054194 
   35  C           3.476397   -2.893106    0.418168 
   36  H           4.510542   -1.158266   -0.203104 
   37  C           2.213219   -3.442899    0.880951 
   38  H           4.343104   -3.545294    0.342354 
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   39  C           1.059674   -2.733213    0.765593 
   40  H           2.193279   -4.447087    1.295901 
   41  H           4.734084    3.133147   -0.422156 
   42  C           2.643717    3.349750    0.203772 
   43  C           1.410822    2.777157    0.270086 
   44  H           2.794913    4.350987    0.597480 
    
   Point Group: c1    
   Energy: -1001.540459723 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A33
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-9-cis 
                     Coordinates (Angstroms) 
   ATOM            X           Y           Z 
    1  H          -1.096680   -4.626479   -1.872512 
    2  C          -1.427790   -3.721436   -1.370503 
    3  H           0.562145   -3.011248   -1.076729 
    4  C          -0.486580   -2.816284   -0.892430 
    5  C          -3.184972   -2.241550   -0.664542 
    6  C          -0.864970   -1.625565   -0.239874 
    7  C          -2.788668   -3.443304   -1.239351 
    8  C          -2.250345   -1.317036   -0.169618 
    9  C           0.133380   -0.650764    0.252880 
   10  H          -3.534100   -4.136683   -1.618619 
   11  H          -4.730713   -0.556671    0.744141 
   12  H          -4.242186   -1.999479   -0.635764 
   13  C          -0.304014    0.756076    0.181926 
   14  C           1.426263   -0.941631    0.638996 
   15  H           2.390863    2.328120    0.675511 
   16  C          -1.723513    1.033320    0.448496 
   17  C          -2.132709    2.289938    0.932773 
   18  C          -2.676706   -0.011430    0.366323 
   19  C          -3.452094    2.531770    1.295284 
   20  H          -1.390317    3.070434    1.063423 
   21  H          -3.740513    3.509940    1.670210 
   22  C          -4.391293    1.500394    1.213747 
   23  H          -5.420225    1.668750    1.519644 
   24  C          -3.999022    0.244269    0.764536 
   25  C           2.300628    0.250900    1.000858 
   26  C           0.619662    1.707594   -0.208492 
   27  C           2.923925    1.626603   -1.201658 
   28  C           3.758216   -0.068149    1.198042 
   29  C           2.093877    1.466680    0.046996 
   30  H          -0.662891    3.262662   -1.092280 
   31  H           1.319834   -3.114555    0.813823 
   32  H           1.915166    0.629033    1.967437 
   33  C           2.547962    2.577720   -2.083283 
   34  H           3.835872    1.050780   -1.327898 
   35  C           4.210393   -1.332892    1.273667 
   36  H           4.434394    0.774606    1.328427 
   37  C           3.289525   -2.447117    1.167134 
   38  H           5.264198   -1.534886    1.449742 
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   39  C           1.978074   -2.255120    0.856883 
   40  H           3.658665   -3.452895    1.347641 
   41  H           3.155527    2.798509   -2.957701 
   42  C           1.292610    3.286675   -1.917747 
   43  C           0.342951    2.861003   -1.030181 
   44  H           1.046171    4.079400   -2.619361 
    
   Point Group: c1     
   Energy: -1001.538791655 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A35
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-10-trans 
                       Coordinates (Angstroms) 
   ATOM            X           Y           Z 
    1  H          -1.778840   -4.507920    1.790518 
    2  C          -1.956802   -3.532231    1.346635 
    3  C           0.891380    1.490398    0.471126 
    4  C          -0.888262   -2.815872    0.803549 
    5  C          -3.441396   -1.729990    0.768498 
    6  C          -1.077278   -1.555697    0.226792 
    7  C          -3.238802   -2.988233    1.328034 
    8  C          -2.379051   -1.005067    0.206574 
    9  C          -3.826856    0.785164   -0.816841 
   10  H          -4.074577   -3.531390    1.760493 
   11  H          -4.668974    0.099864   -0.812591 
   12  H          -4.433790   -1.290785    0.796119 
   13  C          -4.007335    2.078152   -1.298809 
   14  H          -4.985570    2.393442   -1.651215 
   15  H          -3.044759    3.958543   -1.750694 
   16  C          -1.466165    1.234582   -0.410404 
   17  C          -1.668704    2.533511   -0.920163 
   18  C          -2.575433    0.344437   -0.362599 
   19  C          -2.921490    2.956409   -1.349124 
   20  H          -0.818519    3.199556   -1.019490 
   21  C          -0.142394    0.724189   -0.040836 
   22  C           1.759422   -2.468854   -0.998759 
   23  H           0.099008   -3.261384    0.840858 
   24  C           0.052010   -0.728575   -0.414155 
   25  H           0.925902   -3.104960   -1.282342 
   26  C           0.655086    2.795999    1.055608 
   27  C           2.578150   -0.241484   -0.102962 
   28  C           1.673801    3.609948    1.441483 
   29  H          -0.371141    3.097391    1.232342 
   30  H           1.459189    4.568332    1.906699 
   31  C           3.036426    3.195285    1.274360 
   32  C           3.320654    1.961260    0.774229 
   33  H           3.840373    3.855154    1.588309 
   34  H           4.356534    1.645879    0.716591 
   35  C           2.289075    1.032953    0.381115 
   36  C           3.882975   -0.670107   -0.489258 
   37  H           3.199783   -3.632899   -2.027108 
   38  C           4.107428   -1.878546   -1.090171 
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   39  H           4.719293    0.011787   -0.375318 
   40  H           5.112664   -2.148145   -1.401555 
   41  C           3.010558   -2.755727   -1.413077 
   42  C           1.463800   -1.283972   -0.110095 
   43  H          -0.104031   -0.798950   -1.512036 
   44  H           1.436656   -1.641448    0.939671 
    
   Point Group: c1     
   Energy: -1001.562994919 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A37
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for II-10-cis 
                       Coordinates (Angstroms) 
   ATOM            X           Y           Z 
    1  H          -2.542195   -4.581316   -0.434067 
    2  C          -2.523291   -3.508028   -0.266351 
    3  C           1.190744    1.411596    0.004806 
    4  C          -1.406435   -2.765730   -0.642998 
    5  C          -3.567955   -1.487887    0.516706 
    6  C          -1.338297   -1.381109   -0.432096 
    7  C          -3.598221   -2.866607    0.348898 
    8  C          -2.467075   -0.719609    0.093992 
    9  C          -3.737654    1.440239    0.151382 
   10  H          -4.461472   -3.434578    0.684698 
   11  H          -4.653754    0.880582    0.304417 
   12  H          -4.415051   -1.000055    0.987016 
   13  C          -3.822311    2.818299   -0.011476 
   14  H          -4.786339    3.314607    0.056797 
   15  H          -2.725589    4.609015   -0.522213 
   16  C          -1.322315    1.501303   -0.162658 
   17  C          -1.448936    2.887168   -0.410213 
   18  C          -2.513164    0.757464    0.066246 
   19  C          -2.670139    3.542519   -0.321647 
   20  H          -0.577326    3.449522   -0.721523 
   21  C          -0.030622    0.809709   -0.236224 
   22  C           1.274349   -2.359120    0.760462 
   23  H          -0.565202   -3.283225   -1.092306 
   24  C          -0.062228   -0.612846   -0.779380 
   25  H           0.380375   -2.568903    1.336863 
   26  C           1.326308    2.715401    0.637747 
   27  C           2.485481   -0.642524   -0.501395 
   28  C           2.513595    3.369036    0.705977 
   29  H           0.452965    3.153781    1.104014 
   30  H           2.576040    4.333365    1.202906 
   31  C           3.707338    2.780724    0.152586 
   32  C           3.681162    1.506757   -0.309117 
   33  H           4.636664    3.343699    0.161944 
   34  H           4.598479    1.038054   -0.649855 
   35  C           2.460351    0.719961   -0.318567 
   36  C           3.687150   -1.464374   -0.448891 
   37  H           2.534236   -3.682706    1.839154 
   38  C           3.646551   -2.618766    0.269329 
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   39  H           4.626624   -1.114734   -0.868543 
   40  H           4.540429   -3.226876    0.381040 
   41  C           2.449678   -2.961619    1.029488 
   42  C           1.215392   -1.455622   -0.468686 
   43  H           1.299840   -2.154134   -1.318878 
   44  H          -0.048177   -0.492432   -1.879386 
    
   Point Group: c1     
   Energy: -1001.541027544 
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Chapter 3 
 
 
 
 
 
 
 
 
 
 
Figure 4. Calculations on cyclodehydrogenation of fluorenylidene (III-3) following 
three pathways (UB3LYP/6-31G*).  
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Figure 5. Calculations on geometry optimization of III-6 FVP intermediates 
(UB3LYP/6-31G*): (a) radical (b) carbene (c) electrocyclic. 
 
 
 
 
 
 
 
 
 A41
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-3 
                       Coordinates (Angstroms) 
   ATOM            X           Y           Z 
    1  C           0.690179    0.000000    0.000000 
    2  C           1.589351    1.127615    0.342400 
    3  C           2.935501   -0.693255   -0.233601 
    4  C           2.935501    0.693255    0.233601 
    5  C           2.389833    3.216061    1.257868 
    6  H           5.021260    1.181977    0.506319 
    7  C           1.326361    2.383437    0.901951 
    8  C           3.714865    2.799201    1.091519 
    9  H          -0.309137   -2.714550    1.075462 
   10  H           0.309137    2.714550    1.075462 
   11  C          -3.714865   -2.799201    1.091519 
   12  H           2.181356    4.195965    1.678552 
   13  H          -2.181356   -4.195965    1.678552 
   14  H          -4.529912   -3.460025    1.373774 
   15  C          -2.935501   -0.693255    0.233601 
   16  C          -1.326361   -2.383437    0.901951 
   17  C          -2.389833   -3.216061    1.257868 
   18  C          -3.993430   -1.524842    0.592885 
   19  C           2.389833   -3.216061   -1.257868 
   20  C           3.993430   -1.524842   -0.592885 
   21  C           1.589351   -1.127615   -0.342400 
   22  C           1.326361   -2.383437   -0.901951 
   23  C           3.714865   -2.799201   -1.091519 
   24  H           5.021260   -1.181977   -0.506319 
   25  C          -0.690179    0.000000    0.000000 
   26  H           0.309137   -2.714550   -1.075462 
   27  H           4.529912   -3.460025   -1.373774 
   28  H           2.181356   -4.195965   -1.678552 
   29  C          -1.589351   -1.127615    0.342400 
   30  C          -1.589351    1.127615   -0.342400 
   31  C          -3.714865    2.799201   -1.091519 
   32  C          -2.935501    0.693255   -0.233601 
   33  C          -1.326361    2.383437   -0.901951 
   34  C          -2.389833    3.216061   -1.257868 
   35  C          -3.993430    1.524842   -0.592885 
   36  H          -5.021260   -1.181977    0.506319 
   37  H          -0.309137    2.714550   -1.075462 
   38  H          -2.181356    4.195965   -1.678552 
 A42
   39  H          -5.021260    1.181977   -0.506319 
   40  H          -4.529912    3.460025   -1.373774 
   41  H           4.529912    3.460025    1.373774 
   42  C           3.993430    1.524842    0.592885 
   
 Point Group: d2     
 
   Energy: -1000.420622912 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A43
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-3-electrocyclic-trans 
                       Coordinates (Angstroms) 
 ATOM              X           Y           Z 
    1  C          -0.724351    0.044028    0.336793 
    2  H          -5.130851   -0.314137    3.334865 
    3  C          -1.772828   -0.383820    2.710828 
    4  C           1.333800   -0.249459   -0.878259 
    5  H           5.195616   -0.136959    0.889125 
    6  H          -0.838793   -0.582290    3.224577 
    7  H          -5.195616    0.136959    0.889125 
    8  C           1.591199   -0.294160   -3.348152 
    9  H           0.838793    0.582290    3.224577 
   10  C           1.793933    0.085488    1.350184 
   11  C           4.204258    0.255366    2.770620 
   12  C           0.629548   -0.449641   -2.193461 
   13  H           2.965865    0.682435    4.478295 
   14  H           5.130851    0.314137    3.334865 
   15  C           3.047620   -0.086326    0.690306 
   16  C           1.772828    0.383820    2.710828 
   17  C           2.982341    0.457776    3.415010 
   18  C           4.242154   -0.005437    1.395140 
   19  C          -4.242154    0.005437    1.395140 
   20  C          -2.982341   -0.457776    3.415010 
   21  C          -1.793933   -0.085488    1.350184 
   22  C          -3.047620    0.086326    0.690306 
   23  C          -4.204258   -0.255366    2.770620 
   24  H          -2.965865   -0.682435    4.478295 
   25  C          -1.333800    0.249459   -0.878259 
   26  C           0.724351   -0.044028    0.336793 
   27  C          -2.770380    0.268286   -0.741719 
   28  H          -0.261899    1.499970   -2.228577 
   29  H           0.261899   -1.499970   -2.228577 
   30  C           2.770380   -0.268286   -0.741719 
   31  C          -3.554745    0.303120   -1.853840 
   32  H           3.586025   -0.237861   -4.038143 
   33  H          -4.639582    0.281612   -1.787813 
   34  C          -2.931369    0.285014   -3.171027 
   35  C          -1.591199    0.294160   -3.348152 
   36  H          -3.586025    0.237861   -4.038143 
   37  H          -1.180219    0.275109   -4.354753 
   38  C          -0.629548    0.449641   -2.193461 
   39  C           3.554745   -0.303120   -1.853840 
 A44
   40  H           1.180219   -0.275109   -4.354753 
   41  C           2.931369   -0.285014   -3.171027 
   42  H           4.639582   -0.281612   -1.787813 
   Point Group: c2    
   Energy: -1000.355153183 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A45
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-3-electrocyclic-cis 
                       Coordinates (Angstroms) 
   ATOM              X           Y           Z 
    1  C          -0.644871   -0.414872    0.517557 
    2  H          -4.289430   -4.068079   -0.914622 
    3  C          -1.169931   -2.929893   -0.105643 
    4  C           1.204447    1.141476    0.404390 
    5  H           5.154338   -0.081254   -0.555443 
    6  H          -0.156020   -3.300591   -0.031762 
    7  H          -4.837898   -1.662844   -0.572504 
    8  C           0.818255    3.424077   -0.460924 
    9  H           1.443992   -3.013927    1.047000 
   10  C           1.989658   -1.021854    0.409130 
   11  C           4.551825   -2.084614   -0.003183 
   12  H           0.783394    2.858851    1.517312 
   13  H           3.694244   -3.947211    0.649880 
   14  H           5.539728   -2.508779   -0.160034 
   15  C           3.070180   -0.192582   -0.010754 
   16  C           2.225741   -2.371757    0.657305 
   17  C           3.509501   -2.895421    0.447886 
   18  C           4.336034   -0.719206   -0.230588 
   19  C          -3.819827   -2.017903   -0.431218 
   20  C          -2.194655   -3.811513   -0.476347 
   21  C          -1.469417   -1.589281    0.130269 
   22  C          -2.809538   -1.139743   -0.059995 
   23  C          -3.508932   -3.368225   -0.629360 
   24  H          -1.955700   -4.857319   -0.651484 
   25  C          -1.488387    0.674239    0.555106 
   26  C           0.784922   -0.164880    0.556184 
   27  C          -2.822784    0.312368    0.152819 
   28  H          -1.129765    2.115898    2.021255 
   29  C           0.418612    2.402202    0.580053 
   30  C           2.548518    1.178219   -0.118950 
   31  C          -3.752608    1.278235   -0.094695 
   32  H           2.356115    4.176527   -1.700850 
   33  H          -4.748180    1.030303   -0.453428 
   34  C          -3.383551    2.675492    0.048835 
   35  C          -2.160239    3.064546    0.475839 
   36  H          -4.128378    3.427323   -0.200990 
   37  H          -1.941879    4.122983    0.598529 
   38  C          -1.114555    2.075376    0.918111 
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   39  C           2.965443    2.272523   -0.819506 
   40  H           0.161827    4.270323   -0.643303 
   41  C           2.043978    3.377120   -1.033145 
   42  H           3.925793    2.283669   -1.328732 
    
Point Group: c1  
 
   Energy: -1000.337413572 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A47
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-3-carbene 
                       Coordinates (Angstroms) 
    ATOM             X           Y           Z 
    1  C           0.625522    0.033957    0.073404 
    2  C           1.538811    1.154005    0.326577 
    3  C          -4.060048    1.592455   -0.488682 
    4  C           2.881941    0.720978    0.116310 
    5  C           2.408140    3.266565    1.114340 
    6  H           4.986748    1.236701    0.183760 
    7  C           1.323403    2.427507    0.878556 
    8  C           3.724910    2.854508    0.838584 
    9  H          -0.350019   -2.717633    0.915699 
   10  H           0.324312    2.758188    1.136930 
   11  C          -3.755249   -2.840522    0.890549 
   12  H           2.234607    4.256142    1.528613 
   13  H          -2.218799   -4.278369    1.344870 
   14  H          -4.566697   -3.531379    1.103692 
   15  C          -2.994942   -0.659517    0.233311 
   16  C          -1.368993   -2.386678    0.770566 
   17  C          -2.430812   -3.261782    1.025314 
   18  C          -4.046311   -1.526309    0.505032 
   19  H           4.552363    3.532216    1.029047 
   20  H          -5.077943   -1.192732    0.427993 
   21  C           3.956184   -1.576600   -0.394856 
   22  C           1.505917   -1.131158   -0.244528 
   23  H          -5.087240    1.246784   -0.405970 
   24  H          -0.381951    2.795226   -0.969681 
   25  C          -0.756240    0.052997    0.059821 
   26  C           3.968815    1.576507    0.355542 
   27  H          -4.602861    3.553965   -1.200203 
   28  H          -2.256726    4.296258   -1.507030 
   29  C          -1.645256   -1.085967    0.336498 
   30  C          -1.654741    1.187909   -0.270438 
   31  C          -3.785327    2.884328   -0.947168 
   32  C          -3.000528    0.749444   -0.168777 
   33  C          -1.396540    2.459640   -0.791507 
   34  C          -2.463042    3.304774   -1.113193 
   35  C           2.857957   -0.677434   -0.217714 
   36  H           2.266308   -3.487313   -2.188124 
   37  C           3.706881   -2.861908   -0.745946 
   38  H           4.966653   -1.232334   -0.188099 
   39  C           2.313853   -3.275687   -1.103864 
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   40  H           4.503702   -3.603906   -0.746991 
   41  C           1.167303   -2.346484   -0.827680 
   42  H           2.085931   -4.267340   -0.674553 
    
Point Group: c1     
   Energy: -1000.287692891 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A49
Calculated DFT (Single Point Energy UB3LYP/6-31G*) energy and X,Y,Z-coordinates for 
III-3-radical 
Standard Nuclear Orientation (Angstroms) 
    I     Atom         X            Y            Z 
    1      C       0.697274     0.070131     0.027826 
    2      C       1.589173     1.198445     0.386561 
    3      C       2.947036    -0.606033    -0.213054 
    4      C       2.938071     0.773904     0.273138 
    5      C       2.375946     3.279004     1.331403 
    6      H       5.020534     1.271650     0.554598 
    7      C       1.317945     2.444823     0.963040 
    8      C       3.703671     2.872622     1.160655 
    9      H      -0.286268    -2.665028     1.064935 
   10      C       3.990533     1.606967     0.644849 
   11      C      -3.691425    -2.770829     1.076466 
   12      H       2.161055     4.251737     1.765295 
   13      H      -2.149869    -4.166069     1.645783 
   14      H      -4.502640    -3.440466     1.348818 
   15      C      -2.924277    -0.648546     0.248309 
   16      C      -1.305357    -2.337823     0.894981 
   17      C      -2.364000    -3.181780     1.238384 
   18      C      -3.977387    -1.491478     0.595099 
   19      C       2.417846    -3.117842    -1.272396 
   20      C       4.010393    -1.426087    -0.582676 
   21      C       1.603686    -1.047127    -0.329134 
   22      C       1.348943    -2.296739    -0.906132 
   23      C       3.740135    -2.695167    -1.099032 
   24      H       5.036013    -1.078131    -0.490396 
   25      C      -0.683058     0.061644     0.026463 
   26      H       0.333935    -2.631686    -1.085177 
   27      H       4.559493    -3.347029    -1.389528 
   28      H       2.215790    -4.093139    -1.706699 
   29      C      -1.575574    -1.076075     0.352463 
   30      C      -1.588852     1.188306    -0.301311 
   31      C      -3.723948     2.856923    -1.029510 
   32      C      -2.932398     0.744224    -0.199815 
   33      C      -1.333099     2.453288    -0.843310 
   34      C      -2.401359     3.284168    -1.188813 
   35      C      -3.995106     1.574147    -0.548693 
   36      H      -5.007232    -1.153783     0.512233 
   37      H      -0.317777     2.793001    -1.011256 
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   38      H      -2.198544     4.271020    -1.595800 
   39      H      -5.020883     1.223813    -0.467856 
   40      H      -4.542797     3.516538    -1.303471 
   41      H       4.514377     3.534506     1.452760 
 
Molecular Point Group: C1                  
Energy: -999.7327572752       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A51
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-radical 1 
                       Coordinates (Angstroms) 
   ATOM             X           Y           Z 
    1  C           0.180425   -0.304498    0.226925 
    2  C          -1.005858    0.551200    0.064629 
    3  C          -1.780726   -1.608160    0.437591 
    4  C          -2.180804   -0.234370    0.087090 
    5  C          -2.316272    2.538078   -0.490649 
    6  C          -3.451082    0.343047   -0.224735 
    7  C          -1.144703    1.900673   -0.252244 
    8  C          -3.517290    1.757497   -0.493227 
    9  C          -4.661918   -0.399154   -0.315454 
   10  H           3.929200   -3.474529   -1.927754 
   11  H          -4.801261    3.427141   -0.967492 
   12  H          -2.372110    3.604487   -0.696396 
   13  C          -5.862454    0.212580   -0.603355 
   14  H          -4.641164   -1.472827   -0.186959 
   15  H          -6.768240   -0.383971   -0.668382 
   16  C          -5.923926    1.606200   -0.824318 
   17  H          -6.876801    2.079175   -1.045561 
   18  C          -4.770667    2.357131   -0.776723 
   19  C          -0.468250   -3.931518    1.289928 
   20  C          -2.521806   -2.738867    0.791478 
   21  C          -0.358795   -1.652703    0.494918 
   22  C           0.284038   -2.802112    0.961331 
   23  C          -1.860550   -3.901722    1.196087 
   24  H          -3.604357   -2.724496    0.806711 
   25  C           1.496745    0.085725    0.095145 
   26  H           1.359789   -2.818727    1.091814 
   27  H          -2.441550   -4.778407    1.469238 
   28  H           0.034474   -4.828536    1.640382 
   29  C           2.634678   -0.730224   -0.396944 
   30  C           2.066167    1.423067    0.380281 
   31  C           3.682694    3.652082    0.914739 
   32  C           3.459637    1.395835    0.117544 
   33  C           1.509406    2.563123    0.969423 
   34  C           2.318120    3.676089    1.216530 
   35  C           4.264379    2.501630    0.374874 
   36  H           5.904552    0.204193   -0.885684 
   37  H           0.461857    2.595209    1.244867 
   38  H           1.878812    4.565272    1.660104 
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   39  H           5.331651    2.469817    0.171763 
   40  H           4.297696    4.524553    1.118028 
   41  C           5.057571   -1.709821   -1.419557 
   42  C           3.806000    0.069763   -0.397658 
   43  C           2.682125   -1.998226   -0.986932 
   44  C           3.895068   -2.484482   -1.481464 
   45  C           5.013059   -0.417507   -0.891141 
   46  H           5.993040   -2.104428   -1.806707 
   47  H           1.789399   -2.604282   -1.082084 
    
Point Group: c1    
 
   Energy: -1153.376695316 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A53
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-radical 2 
                       Coordinates (Angstroms) 
   ATOM              X           Y           Z 
    1  C           0.192034   -0.380267   -0.003455 
    2  C          -1.000334    0.466039   -0.182565 
    3  C          -1.763832   -1.655564    0.404739 
    4  C          -2.168812   -0.282637    0.048812 
    5  C          -2.308625    2.358414   -0.907358 
    6  C          -3.459024    0.303556   -0.144161 
    7  C          -1.080608    1.776116   -0.713930 
    8  C          -3.513941    1.662899   -0.613220 
    9  C          -4.694475   -0.364376    0.081283 
   10  H          -0.179096    2.310940   -0.987350 
   11  H          -4.794329    3.312608   -1.161276 
   12  H          -2.376570    3.365806   -1.310524 
   13  C          -5.902235    0.268715   -0.118189 
   14  H          -4.698579   -1.391932    0.416688 
   15  H          -6.827793   -0.269276    0.068099 
   16  C          -5.948174    1.607883   -0.564709 
   17  H          -6.906267    2.096661   -0.718200 
   18  C          -4.774405    2.284174   -0.808409 
   19  C          -0.402392   -4.067709    0.991085 
   20  C          -2.471232   -2.788843    0.819309 
   21  C          -0.337619   -1.724587    0.287201 
   22  C           0.258260   -2.921266    0.608429 
   23  C          -1.798858   -3.982902    1.101997 
   24  H          -3.545447   -2.767916    0.948657 
   25  C           1.520555   -0.009194   -0.021270 
   26  H           4.057198   -3.699834   -1.637031 
   27  H          -2.366788   -4.854963    1.417108 
   28  H           0.122029   -4.994334    1.207058 
   29  C           2.679294   -0.859734   -0.379784 
   30  C           2.097650    1.308557    0.344145 
   31  C           3.724069    3.471897    1.084836 
   32  C           3.506390    1.251102    0.191184 
   33  C           1.528707    2.435705    0.947853 
   34  C           2.343263    3.515350    1.299728 
   35  C           4.315604    2.327570    0.543896 
   36  H           6.000812   -0.005265   -0.587969 
   37  H           0.467872    2.479774    1.163113 
   38  H           1.895273    4.393417    1.756642 
   39  H           5.394272    2.272618    0.422233 
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   40  H           4.342766    4.320484    1.363817 
   41  C           5.165393   -1.924135   -1.125210 
   42  C           3.863693   -0.083746   -0.292626 
   43  C           2.755804   -2.157780   -0.895266 
   44  C           4.000210   -2.686100   -1.250261 
   45  C           5.099801   -0.609295   -0.656326 
   46  H           6.124075   -2.349673   -1.409330 
   47  H           1.864411   -2.758958   -1.029490 
   
 Point Group: c1   
   Energy: -1153.376736477 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A55
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-carbene 1 
                       Coordinates (Angstroms) 
   ATOM            X           Y           Z 
    1  C           0.295840   -0.385695    0.099723 
    2  C          -0.965533    0.332648   -0.244545 
    3  C          -1.505023   -1.912289    0.050762 
    4  C          -4.524850   -0.894870    0.152663 
    5  H           2.466932   -2.476677   -0.818480 
    6  C          -2.474986    1.980768   -1.271659 
    7  C          -3.420054   -0.139848   -0.304436 
    8  H          -6.633564   -0.946866    0.536995 
    9  C          -4.932711    1.732688   -0.678601 
   10  H           4.825963   -3.003289   -1.268148 
   11  H          -7.013619    1.391447   -0.235991 
   12  C          -5.801154   -0.350131    0.174160 
   13  H          -2.527742    2.029052   -2.373539 
   14  H          -4.371938   -1.889112    0.552751 
   15  H          -2.562393    3.040442   -0.980668 
   16  C          -6.012980    0.967861   -0.246111 
   17  H          -5.089908    2.759968   -1.001159 
   18  C          -3.646594    1.191144   -0.739230 
   19  C          -0.031166   -4.100580    0.967192 
   20  C          -2.116815   -3.175758    0.146551 
   21  C          -0.104723   -1.775808    0.311080 
   22  C           0.601533   -2.868942    0.836665 
   23  C          -1.375040   -4.262633    0.591078 
   24  H          -3.154549   -3.314757   -0.133209 
   25  C           1.557117    0.174108    0.127406 
   26  H           1.633468   -2.759703    1.148262 
   27  H          -1.842098   -5.240728    0.665789 
   28  H           0.524392   -4.949065    1.357144 
   29  C           2.872071   -0.455656   -0.151479 
   30  C           1.844650    1.592162    0.385561 
   31  C           2.936898    4.118836    0.886418 
   32  C           3.244329    1.807759    0.309005 
   33  C           1.007204    2.644614    0.771201 
   34  C           1.561180    3.909331    1.000035 
   35  C           3.792349    3.060636    0.554666 
   36  H           5.979759    1.009410   -0.225219 
   37  H          -0.050494    2.484609    0.933784 
   38  H           0.912331    4.732780    1.285125 
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   39  H           4.865791    3.221039    0.496984 
   40  H           3.350492    5.105517    1.077382 
   41  C           5.554989   -1.047986   -0.730912 
   42  C           3.882584    0.536106   -0.042737 
   43  C           3.220737   -1.721791   -0.631751 
   44  C           4.560450   -2.013943   -0.905665 
   45  C           5.214831    0.242354   -0.313959 
   46  H           6.592019   -1.292217   -0.944746 
   47  C          -2.046848   -0.596319   -0.212391 
   48  C          -1.093124    1.509385   -0.963747 
    
Point Group: c1   
   Energy: -1153.939563913 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A57
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-carbene 2 
                       Coordinates (Angstroms) 
   ATOM            X           Y           Z 
    1  C          -0.224600   -0.259080    0.083881 
    2  C           0.984043    0.530466    0.261071 
    3  C           4.632097   -0.370763   -0.319053 
    4  C          -5.217174   -1.767263    0.930954 
    5  H          -1.905272   -2.552392    1.077169 
    6  H           6.972448    1.967951    0.483763 
    7  C          -5.136997   -0.433858    0.505116 
    8  H          -5.362734    2.501984   -0.488267 
    9  C          -2.795399   -1.976335    0.865254 
   10  H          -4.136896   -3.549131    1.468956 
   11  C          -4.279053    2.546916   -0.559716 
   12  H          -4.247836    4.563938   -1.321415 
   13  C          -3.887785    0.108766    0.237254 
   14  H          -6.039972    0.160868    0.394326 
   15  H          -6.188823   -2.206121    1.141899 
   16  H          -0.404648    2.674893   -0.994364 
   17  C          -4.059929   -2.525587    1.112826 
   18  H          -1.784479    4.622956   -1.594116 
   19  H           6.761247   -0.303688   -0.519042 
   20  H           4.937787    3.200690    1.175117 
   21  H           0.271483    2.393632    1.130592 
   22  C           0.252023   -1.642252   -0.209903 
   23  C           5.872542    0.223287   -0.182660 
   24  H           2.520837    3.329963    1.438807 
   25  C          -1.540125    0.170339    0.086381 
   26  C           5.992317    1.511982    0.375299 
   27  H           4.560580   -1.342981   -0.791605 
   28  H           3.465687   -2.862117   -0.001749 
   29  C          -2.705998   -0.664172    0.387347 
   30  C          -2.082580    1.498378   -0.290970 
   31  C          -3.650893    3.700856   -1.039462 
   32  C          -3.499044    1.452411   -0.202194 
   33  C          -1.474856    2.636326   -0.830093 
   34  C          -2.262015    3.736062   -1.186683 
   35  C           4.859251    2.197550    0.762655 
   36  C           2.130498   -0.265816   -0.002565 
   37  C           2.398497    2.341470    1.002483 
   38  C           3.451906    0.293722    0.096368 
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   39  C           1.140939    1.825680    0.820765 
   40  C           3.573698    1.620676    0.624262 
   41  C           1.689058   -1.613810   -0.228035 
   42  C          -0.429512   -2.706527   -0.747953 
   43  C           0.338406   -3.970742   -0.998475 
   44  H           2.269936   -4.963609   -0.436605 
   45  C           2.418235   -2.848129   -0.284219 
   46  H           0.262148   -4.151734   -2.085621 
   47  H          -0.209798   -4.830372   -0.577734 
   48  C           1.770754   -4.005282   -0.570046 
    
Point Group: c1    
   Energy: -1153.931432093 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A59
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-electrpcyclic-1-trans 
                       Coordinates (Angstroms) 
  ATOM              X           Y           Z 
    1  C           1.482351    0.442335    0.037956 
    2  H           4.927984    4.504095   -0.394872 
    3  C           1.857138    3.006542   -0.426042 
    4  C          -0.179632   -1.283412   -0.237393 
    5  C           3.304382   -2.871663    0.315740 
    6  H           0.819141    3.252605   -0.620596 
    7  H           5.644419    2.168574    0.079080 
    8  C           0.240737   -3.731132   -0.226477 
    9  H          -7.318798    1.472980    0.156641 
   10  H           5.410401   -3.005202    0.248437 
   11  C          -1.096390   -3.915373   -0.173805 
   12  C           0.849861   -2.365724   -0.419617 
   13  C          -2.050909   -2.815535   -0.202113 
   14  H          -3.103883   -3.062439   -0.121399 
   15  C          -1.213491    0.734240    0.097111 
   16  H           3.177873   -3.951749    0.313101 
   17  H           0.906799   -4.590462   -0.207902 
   18  C           2.069804   -2.013938    0.467002 
   19  C           4.589890    2.401453   -0.048231 
   20  C           2.834932    4.006687   -0.518034 
   21  C           2.241002    1.703870   -0.114030 
   22  C           3.626882    1.405017    0.050782 
   23  C           4.185701    3.714155   -0.322250 
   24  H           2.533655    5.024273   -0.752620 
   25  C           2.396361   -0.561753    0.247431 
   26  C           0.086237    0.047697   -0.039145 
   27  C           3.744450   -0.046492    0.249384 
   28  H           1.729764   -2.132271    1.520304 
   29  H           1.206951   -2.327373   -1.473480 
   30  C          -1.609807   -1.524811   -0.239973 
   31  C           4.797943   -0.907609    0.288016 
   32  H          -1.496597   -4.922997   -0.088895 
   33  H           5.825572   -0.554750    0.255361 
   34  C           4.548509   -2.343343    0.291361 
   35  C          -5.251479    1.997255    0.348268 
   36  C          -2.249972   -0.207369   -0.081916 
   37  C          -2.829077    2.468497    0.525089 
   38  C          -3.614677    0.191418   -0.035777 
   39  C          -1.512565    2.070785    0.431203 
 A60
   40  C          -3.899057    1.566736    0.281004 
   41  C          -4.714395   -0.671078   -0.303548 
   42  H          -0.716482    2.774540    0.645713 
   43  H          -5.450973    3.037886    0.593800 
   44  H          -3.068369    3.495626    0.790161 
   45  C          -6.012470   -0.217084   -0.235014 
   46  H          -4.527186   -1.695870   -0.602170 
   47  H          -6.832812   -0.896439   -0.451426 
   48  C          -6.289719    1.128598    0.103780 
    
Point Group: c1    
   Energy: -1153.995461959 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A61
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-electrpcyclic-1-cis 
                       Coordinates (Angstroms) 
  ATOM              X           Y           Z 
    1  C           1.451542    0.479630    0.535438 
    2  H           4.444797    4.622651   -1.069427 
    3  C           1.560772    3.031276   -0.156675 
    4  C          -0.135463   -1.348827    0.496675 
    5  C           3.492987   -2.719037    0.518783 
    6  H           0.503430    3.242787   -0.065705 
    7  H           5.370115    2.340007   -0.693772 
    8  C           0.610732   -3.498891   -0.461600 
    9  H          -7.324285    1.117209   -0.308765 
   10  H           5.483135   -2.783615   -0.187179 
   11  C          -0.611717   -3.621601   -1.027829 
   12  C           0.849473   -2.467023    0.615883 
   13  C          -1.699235   -2.694136   -0.759152 
   14  H          -2.634200   -2.838043   -1.291171 
   15  C          -1.247804    0.659436    0.530139 
   16  H           3.446281   -3.795456    0.669125 
   17  H           1.391654   -4.222713   -0.678057 
   18  C           2.307824   -1.897622    0.951243 
   19  C           4.312772    2.536231   -0.532630 
   20  C           2.426754    4.052280   -0.572031 
   21  C           2.071207    1.759849    0.101035 
   22  C           3.460595    1.520963   -0.117494 
   23  C           3.790229    3.816608   -0.749892 
   24  H           2.022840    5.043148   -0.762965 
   25  C           2.455741   -0.462708    0.562956 
   26  C           0.080995    0.006048    0.632157 
   27  C           3.707324    0.094172    0.121292 
   28  H           2.322034   -1.918125    2.055214 
   29  H           0.584619   -3.017705    1.536636 
   30  C          -1.477739   -1.582807    0.006383 
   31  C           4.773468   -0.718791   -0.125065 
   32  H          -0.800519   -4.429722   -1.730422 
   33  H           5.711476   -0.326685   -0.509319 
   34  C           4.632324   -2.152534    0.058605 
   35  C          -5.326116    1.754837    0.119519 
   36  C          -2.203080   -0.309790    0.166560 
   37  C          -2.975595    2.336989    0.642203 
   38  C          -3.577449    0.019209    0.035292 
   39  C          -1.649781    1.985090    0.791265 
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   40  C          -3.959933    1.388521    0.257999 
   41  C          -4.599680   -0.922963   -0.270503 
   42  H          -0.933898    2.718702    1.143251 
   43  H          -5.602940    2.793594    0.284738 
   44  H          -3.290924    3.358075    0.843119 
   45  C          -5.913558   -0.531572   -0.392700 
   46  H          -4.340821   -1.970170   -0.381026 
   47  H          -6.677009   -1.269440   -0.624797 
   48  C          -6.283376    0.822664   -0.207334 
    
Point Group: c1    
   Energy: -1153.978310877 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A63
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-electrpcyclic-2-trans 
                     Coordinates (Angstroms) 
  ATOM              X           Y           Z 
    1  C          -1.600205   -0.129478    0.059274 
    2  H          -6.850165   -1.006566   -0.437764 
    3  C          -3.538316   -1.845796   -0.427068 
    4  C           0.795686    0.111629   -0.139712 
    5  C          -0.862808    3.582205    0.314171 
    6  H          -2.902328   -2.703155   -0.614907 
    7  H          -5.894322    1.240860    0.040739 
    8  C           2.033925    2.250433   -0.123087 
    9  H           4.576278   -1.630177   -0.462486 
   10  H          -2.385431    5.041791    0.206425 
   11  C           3.207693    1.551584   -0.149557 
   12  C           0.700228    1.599825   -0.339679 
   13  C           3.237437    0.070585   -0.238411 
   14  C           4.525845   -0.556976   -0.331987 
   15  H           3.501644   -3.191554    0.030110 
   16  H          -0.069265    4.325680    0.303513 
   17  H           2.071786    3.334391   -0.038308 
   18  C          -0.478023    2.133063    0.501675 
   19  C          -5.238381    0.381388   -0.075279 
   20  C          -4.929170   -1.978319   -0.536641 
   21  C          -2.993907   -0.603432   -0.108424 
   22  C          -3.861124    0.519754    0.041601 
   23  C          -5.774171   -0.882491   -0.352187 
   24  H          -5.353098   -2.950159   -0.775546 
   25  C          -1.656836    1.232908    0.258273 
   26  C          -0.288752   -0.733921    0.018758 
   27  C          -3.016910    1.705825    0.244929 
   28  H          -0.175177    2.023458    1.569204 
   29  H           0.427996    1.781444   -1.407016 
   30  C           2.027637   -0.615409   -0.173531 
   31  C          -3.269373    3.044477    0.271551 
   32  H           4.446365    3.338564    0.015040 
   33  H          -4.282647    3.435276    0.226958 
   34  C          -2.154175    3.981063    0.271196 
   35  H           6.598484    2.141532   -0.091518 
   36  H           6.639377   -0.341763   -0.363037 
   37  C           4.475491    2.255281   -0.074177 
   38  C           5.659892    1.596538   -0.137127 
   39  C           0.243237   -2.099311    0.139036 
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   40  C           5.681872    0.166027   -0.285345 
   41  C           1.779427   -4.424652    0.353515 
   42  C           1.666867   -2.036083   -0.001963 
   43  C          -0.376508   -3.313796    0.424434 
   44  C           0.395836   -4.477566    0.518576 
   45  C           2.420591   -3.203782    0.109863 
   46  H           2.370956   -5.332723    0.431460 
   47  H          -1.444617   -3.361859    0.602829 
   48  H          -0.088842   -5.426613    0.731629 
    
Point Group: c1    
   Energy: -1153.981753280 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A65
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for III-6-electrpcyclic-2-cis 
                       Coordinates (Angstroms) 
   ATOM              X           Y           Z 
    1  C          -1.554007   -0.240816    0.577776 
    2  H          -6.221853   -1.310018   -1.819231 
    3  C          -3.150036   -2.045141   -0.513784 
    4  C           0.826737    0.131833    0.849912 
    5  C          -1.106713    3.502731    1.015467 
    6  H          -2.489123   -2.894591   -0.399762 
    7  H          -5.542431    0.984937   -1.129686 
    8  C           1.713568    2.343349    0.253064 
    9  H           4.482757   -1.311651   -0.540581 
   10  H          -2.490073    4.903731    0.249092 
   11  C           2.832002    1.734387   -0.251407 
   12  C           0.757146    1.599487    1.131763 
   13  C           3.071933    0.281483   -0.089116 
   14  C           4.289616   -0.250335   -0.630763 
   15  C           4.970786    1.952330   -1.429767 
   16  H          -0.422098    4.274930    1.359800 
   17  H           1.591431    3.416425    0.128102 
   18  C          -0.769923    2.072495    1.337526 
   19  C          -4.882443    0.140218   -0.947424 
   20  C          -4.394886   -2.224419   -1.132393 
   21  C          -2.774922   -0.773469   -0.084097 
   22  C          -3.651424    0.324268   -0.331144 
   23  C          -5.259894   -1.149225   -1.340388 
   24  H          -4.685640   -3.219590   -1.458705 
   25  C          -1.734779    1.121502    0.714838 
   26  C          -0.229246   -0.771898    0.793476 
   27  C          -2.974289    1.545092    0.125631 
   28  H          -0.894990    1.972885    2.428751 
   29  H           1.181709    1.743601    2.142173 
   30  C           2.049652   -0.496011    0.458783 
   31  C          -3.245888    2.873644   -0.025933 
   32  H           3.647469    3.581725   -1.069768 
   33  H          -4.155231    3.217668   -0.511458 
   34  C          -2.267438    3.851877    0.412531 
   35  C           5.201147    0.544369   -1.264928 
   36  H           6.114531    0.108332   -1.660324 
   37  C           0.372543   -2.112137    0.654205 
   38  C           3.831645    2.516628   -0.951681 
   39  H           3.668479   -2.979648    0.209195 
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   40  H           5.714008    2.557663   -1.940928 
   41  C           2.029864   -4.350080    0.421945 
   42  C           1.778147   -1.948320    0.450885 
   43  C          -0.171429   -3.388702    0.765812 
   44  C           0.662494   -4.507612    0.642746 
   45  C           2.594760   -3.070701    0.333287 
   46  H           2.670306   -5.223904    0.338940 
   47  H          -1.223746   -3.525172    0.989668 
   48  H           0.239771   -5.504147    0.737899 
    
Point Group: c1    
   Energy: -1153.965110956 
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Figure 6. Homodesmic energy comparisons between 9-phenylanthracene (IV-3) and 
1-phenylanthracene (IV-4) for the three cyclodehydrogenation pathways 
(B3LYP/6-31G*). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A68
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for IV-3 
 
                       Coordinates (Angstroms) 
  ATOM              X           Y           Z 
    1  H          -4.597113    0.000000    2.679267 
    2  C          -3.656974    0.000000    2.135464 
    3  H          -2.447426    0.000000    3.898877 
    4  C          -2.467352    0.000000    2.812142 
    5  C          -2.494945    0.000000    0.002768 
    6  C          -1.220177    0.000000    2.112688 
    7  C          -3.667403    0.000000    0.711384 
    8  C          -1.225908    0.000000    0.667489 
    9  C           0.000000    0.000000    2.794836 
   10  H          -4.617477    0.000000    0.184935 
   11  C           0.000000    0.000000   -1.534047 
   12  H          -2.514997    0.000000   -1.081161 
   13  C           1.220177    0.000000    2.112688 
   14  H           0.000000    0.000000    3.882422 
   15  C           2.467352    0.000000    2.812142 
   16  C           1.225908    0.000000    0.667489 
   17  H           2.514997    0.000000   -1.081161 
   18  C           0.000000    0.000000   -0.036437 
   19  C           3.656974    0.000000    2.135464 
   20  H           2.447426    0.000000    3.898877 
   21  H           4.597113    0.000000    2.679267 
   22  C           3.667403    0.000000    0.711384 
   23  H           4.617477    0.000000    0.184935 
   24  C           2.494945    0.000000    0.002768 
   25  C           0.000000    0.000000   -4.347452 
   26  C           0.000000   -1.205804   -2.250313 
   27  C           0.000000    1.205804   -2.250313 
   28  C           0.000000    1.206218   -3.645667 
   29  C           0.000000   -1.206218   -3.645667 
   30  H           0.000000   -2.146169   -1.706650 
   31  H           0.000000    2.146169   -1.706650 
   32  H           0.000000    2.149777   -4.184078 
   33  H           0.000000   -2.149777   -4.184078 
   34  H           0.000000    0.000000   -5.433610 
    
Point Group: c2v    
 
   Energy: -770.603267290 
 A69
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for IV-4 
                       Coordinates (Angstroms) 
  ATOM              X           Y           Z 
    1  H           4.524180   -3.188803    0.546573 
    2  C           3.904763   -2.306338    0.416712 
    3  H           2.055798   -3.395588    0.436459 
    4  C           2.530907   -2.421517    0.354224 
    5  C           3.716398    0.092890    0.148766 
    6  C           1.710999   -1.280980    0.185037 
    7  C           4.499336   -1.034986    0.314269 
    8  C           2.306277    0.007307    0.076527 
    9  C           0.286250   -1.408128    0.143681 
   10  H           5.579737   -0.936747    0.366036 
   11  H           3.031667    2.630402   -0.227097 
   12  H           4.206289    1.057008    0.074885 
   13  C          -0.548390   -0.334639   -0.000474 
   14  H          -0.139468   -2.400452    0.266769 
   15  C          -2.022578   -0.561131    0.013899 
   16  C           0.021853    0.992301   -0.158457 
   17  C          -0.795111    2.124479   -0.396810 
   18  C           1.440520    1.164921   -0.109923 
   19  C          -0.253925    3.385866   -0.549083 
   20  H          -1.867514    1.989652   -0.471031 
   21  H          -0.903036    4.236860   -0.733235 
   22  C           1.137541    3.561674   -0.473276 
   23  H           1.570150    4.551096   -0.589310 
   24  C           1.960200    2.471376   -0.264204 
   25  C          -4.789697   -1.087868    0.087430 
   26  C          -2.610905   -1.450855   -0.897955 
   27  C          -2.848681    0.058191    0.966747 
   28  C          -4.217556   -0.203016    1.003181 
   29  C          -3.980976   -1.711541   -0.862767 
   30  H          -1.985848   -1.929335   -1.646103 
   31  H          -2.408942    0.735795    1.692478 
   32  H          -4.837183    0.280624    1.753054 
   33  H          -4.416428   -2.399407   -1.582046 
   34  H          -5.856627   -1.289110    0.115043 
   
 Point Group: c1   
   Energy: -770.613609244 
 A70
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for IV-14 
                       Coordinates (Angstroms) 
   ATOM              X           Y           Z 
    1  H          -2.393051   -4.684927    0.000000 
    2  C          -1.900873   -3.716804    0.000000 
    3  H          -3.728266   -2.607034    0.000000 
    4  C          -2.642197   -2.565971    0.000000 
    5  C           0.165145   -2.441530    0.000000 
    6  C          -2.013272   -1.282053    0.000000 
    7  C          -0.478500   -3.651060    0.000000 
    8  C          -0.568919   -1.212372    0.000000 
    9  C          -2.766510   -0.101953    0.000000 
   10  H           0.098163   -4.571453    0.000000 
   11  C           1.559179    0.165798    0.000000 
   12  H           1.248646   -2.399283    0.000000 
   13  C          -2.158433    1.156253    0.000000 
   14  H          -3.852282   -0.166952    0.000000 
   15  C          -2.907639    2.376533    0.000000 
   16  C          -0.708319    1.224241    0.000000 
   17  H           5.443690    0.483507    0.000000 
   18  C           0.067227    0.048647    0.000000 
   19  C          -2.289407    3.598939    0.000000 
   20  H          -3.992227    2.311225    0.000000 
   21  H          -2.878260    4.512278    0.000000 
   22  C          -0.856629    3.689841    0.000000 
   23  H          -0.367280    4.659651    0.000000 
   24  C          -0.165619    2.527707    0.000000 
   25  C           4.361093    0.395238    0.000000 
   26  C           2.271612    0.224379    1.206376 
   27  C           2.271612    0.224379   -1.206376 
   28  C           3.662019    0.338066   -1.206365 
   29  C           3.662019    0.338066    1.206365 
   30  H           1.729861    0.180538    2.146715 
   31  H           1.729861    0.180538   -2.146715 
   32  H           4.198779    0.382782   -2.149786 
   33  H           4.198779    0.382782    2.149786 
    
Point Group: cs    
   Energy: -769.914677929 
 
 A71
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for IV-15 
                       Coordinates (Angstroms) 
   ATOM              X           Y           Z 
    1  H           4.288896   -3.451768    0.144400 
    2  C           3.721720   -2.526376    0.109329 
    3  H           1.812011   -3.503818    0.123776 
    4  C           2.342014   -2.555368    0.097442 
    5  C           3.674154   -0.107767    0.032640 
    6  C           1.586443   -1.359636    0.050378 
    7  C           4.391434   -1.289164    0.077096 
    8  C           2.259997   -0.104713    0.017704 
    9  C           0.155866   -1.405689    0.046642 
   10  H           5.477003   -1.259966    0.087912 
   11  H           3.121952    2.508162   -0.086485 
   12  H           4.217682    0.829926    0.009711 
   13  C          -0.620472   -0.279832    0.009155 
   14  H          -0.319479   -2.380962    0.103951 
   15  C          -2.103429   -0.381589    0.012509 
   16  C           0.033863    1.012352   -0.041021 
   17  C          -0.664098    2.217539   -0.126425 
   18  C           1.464948    1.114599   -0.033435 
   19  C          -0.135421    3.472276   -0.181889 
   20  H          -5.993134   -0.723673    0.037929 
   21  H          -0.750784    4.365069   -0.243041 
   22  C           1.276513    3.555657   -0.162313 
   23  H           1.759694    4.528070   -0.207068 
   24  C           2.043044    2.406246   -0.092187 
   25  C          -4.911092   -0.629832    0.032152 
   26  C          -2.749060   -1.340568   -0.785528 
   27  C          -2.895461    0.450810    0.821706 
   28  C          -4.283837    0.327312    0.830791 
   29  C          -4.137243   -1.464323   -0.775652 
   30  H          -2.154787   -1.975144   -1.436094 
   31  H          -2.417845    1.183182    1.463903 
   32  H          -4.875783    0.976023    1.470072 
   33  H          -4.615307   -2.207037   -1.408062 
    
Point Group: c1  
   Energy: -769.927175720 
 
 
 A72
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for IV-16 
                       Coordinates (Angstroms) 
  ATOM              X           Y           Z 
    1  C           0.052522   -2.424324    0.010289 
    2  C          -0.660459   -1.174621    0.024243 
    3  C           1.586214   -0.031624   -0.009237 
    4  C           0.098851    0.026135   -0.018905 
    5  C          -2.736813    0.132283   -0.089118 
    6  C          -0.559442    1.295370   -0.066074 
    7  C          -2.111550   -1.092784    0.010165 
    8  C          -1.996091    1.336180   -0.126340 
    9  C           0.144053    2.536255   -0.022901 
   10  H          -3.979109   -2.214164    0.119022 
   11  H          -3.736189    2.612134   -0.252235 
   12  H          -3.823300    0.188210   -0.115087 
   13  C          -0.522245    3.737692   -0.085653 
   14  H           1.222673    2.523913    0.071147 
   15  H           0.035088    4.668732   -0.048628 
   16  C          -1.934065    3.768314   -0.184215 
   17  H          -2.450078    4.722820   -0.234913 
   18  C          -2.651198    2.595335   -0.197076 
   19  C           4.398753   -0.106068    0.005259 
   20  C           2.282578   -0.624808    1.055284 
   21  C           2.325015    0.519416   -1.067954 
   22  C           3.719329    0.473660   -1.065842 
   23  C           3.675032   -0.652111    1.067118 
   24  H           1.722693   -1.055568    1.877166 
   25  H           1.801314    0.963811   -1.908964 
   26  H           4.272306    0.891867   -1.902073 
   27  H           4.196244   -1.108749    1.903537 
   28  H           5.484567   -0.134655    0.012223 
   29  H          -2.904221   -4.422873    0.296219 
   30  C          -0.811398   -3.631026    0.160059 
   31  C          -2.896068   -2.315331    0.107607 
   32  C          -2.306984   -3.517940    0.198535 
   33  H          -0.441320   -4.122559    1.081479 
   34  H          -0.496704   -4.362921   -0.604138 
    
Point Group: c1    
   Energy: -770.472511952 
 
 
 A73
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for IV-17 
                       Coordinates (Angstroms) 
   ATOM              X           Y           Z 
    1  C           2.085771    0.552835    0.020263 
    2  C           0.613589    0.406816   -0.000766 
    3  H           0.248540    2.504664    0.138114 
    4  C          -0.193939    1.516126    0.054732 
    5  C          -1.421869   -1.030658    0.048638 
    6  C          -1.615531    1.424873    0.006233 
    7  C          -0.000090   -0.912285   -0.070936 
    8  C          -2.250715    0.142720   -0.013120 
    9  C          -2.418833    2.592349   -0.007867 
   10  C           0.771851   -2.029962   -0.474284 
   11  H          -4.169496   -0.867642   -0.122143 
   12  C          -1.993134   -2.341155    0.294841 
   13  C          -3.793802    2.508181   -0.055031 
   14  H          -1.927792    3.561396    0.013143 
   15  H          -4.394740    3.412733   -0.070832 
   16  C          -4.424816    1.245684   -0.092035 
   17  H          -5.507653    1.183978   -0.143134 
   18  C          -3.668956    0.092770   -0.070582 
   19  C           4.885023    0.868741    0.079801 
   20  C           2.897049   -0.338120    0.744046 
   21  C           2.709290    1.604751   -0.672292 
   22  C           4.093154    1.761539   -0.644651 
   23  C           4.281220   -0.180449    0.773811 
   24  H           2.434065   -1.140843    1.306170 
   25  H           2.103373    2.283616   -1.264691 
   26  H           4.554184    2.575491   -1.196838 
   27  H           4.889053   -0.876569    1.344629 
   28  H           5.964290    0.989593    0.102277 
   29  C          -1.255735   -3.464902    0.191718 
   30  H          -3.018540   -2.396872    0.644002 
   31  H          -1.656863   -4.424912    0.511051 
   32  C           0.137396   -3.371345   -0.332411 
   33  H           0.216325   -3.867441   -1.315750 
   34  H           0.828331   -3.985703    0.273894 
    
Point Group: c1    
   Energy: -770.475805629 
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Figure 7. Homodesmic energy comparisons between 4-helicene (V-3) and 
benzo-[4]-helicene (V-6) for the three cyclodehydrogenation pathways 
(B3LYP/6-31G*). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A75
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for V-3 
                       Coordinates (Angstroms) 
  ATOM              X           Y           Z 
    1  H           4.838605   -1.922690    0.114868 
    2  C           3.863798   -1.444228    0.111466 
    3  H           4.626878    0.497477   -0.383833 
    4  C           3.744033   -0.101902   -0.177048 
    5  C           1.465574   -1.580146    0.432170 
    6  C           2.482322    0.540971   -0.174198 
    7  C           2.711774   -2.176743    0.454161 
    8  C           1.290105   -0.220381    0.058664 
    9  C           2.400676    1.957981   -0.330756 
   10  H           2.801028   -3.215587    0.758522 
   11  C          -1.454155   -1.590220   -0.435543 
   12  H           0.613522   -2.156774    0.764148 
   13  C           1.208751    2.598357   -0.182719 
   14  H           3.315303    2.516457   -0.510449 
   15  H           1.153547    3.682784   -0.225840 
   16  C          -0.006904    1.868188    0.000298 
   17  C          -1.227915    2.589118    0.184592 
   18  C          -0.001622    0.450320   -0.000494 
   19  C          -2.414851    1.939709    0.333254 
   20  H          -1.180810    3.673900    0.228475 
   21  H          -3.333462    2.491170    0.514242 
   22  C          -2.486043    0.522282    0.175361 
   23  H          -4.629954    0.462302    0.387702 
   24  C          -1.288408   -0.229864   -0.059884 
   25  C          -2.695900   -2.196050   -0.457181 
   26  H          -0.598243   -2.159888   -0.769609 
   27  H          -2.777781   -3.234982   -0.763305 
   28  C          -3.852891   -1.472844   -0.111536 
   29  C          -3.742887   -0.130124    0.178986 
   30  H          -4.824091   -1.958593   -0.114513 
    
Point Group: c1    
   Energy: -693.191513453 
 
 
 
 
 
 A76
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for V-6 
                       Coordinates (Angstroms) 
     ATOM              X           Y           Z 
    1  C          -4.206192   -1.691896   -0.245195 
    2  C          -2.907282   -1.130274   -0.252186 
    3  H          -3.789479    2.058722    0.623766 
    4  C          -2.727980    0.250784    0.052092 
    5  C          -0.504455   -1.390978   -0.540829 
    6  C          -1.387933    0.817208    0.033172 
    7  C          -1.762912   -1.911407   -0.595823 
    8  C          -0.257217   -0.030035   -0.152359 
    9  C          -1.180539    2.220317    0.141348 
   10  H          -1.913027   -2.936983   -0.922787 
   11  C           2.321134   -1.631391    0.494374 
   12  H           0.325963   -2.002925   -0.864555 
   13  C           0.070759    2.756884    0.019880 
   14  H          -2.028104    2.885389    0.254430 
   15  H           0.206478    3.835014    0.024354 
   16  C           1.221273    1.930669   -0.090481 
   17  C           2.511263    2.530716   -0.247978 
   18  C           1.080687    0.518796   -0.059351 
   19  C           3.634065    1.768746   -0.339643 
   20  H           2.567271    3.613657   -0.318556 
   21  H           4.607029    2.225689   -0.498789 
   22  C           3.565989    0.353537   -0.143822 
   23  H           5.700838    0.089851   -0.269785 
   24  C           2.297383   -0.277438    0.067059 
   25  C           3.499698   -2.348757    0.583953 
   26  H           1.403375   -2.107706    0.811421 
   27  H           3.473352   -3.379158    0.926421 
   28  C           4.729463   -1.747455    0.260090 
   29  C           4.755329   -0.410824   -0.078012 
   30  H           5.650887   -2.319273    0.316695 
   31  C          -5.309621   -0.924321    0.062896 
   32  H          -4.317133   -2.745915   -0.486387 
   33  H          -6.301836   -1.365658    0.069428 
   34  C          -5.140798    0.439128    0.374135 
   35  C          -3.882912    1.010569    0.364137 
   36  H          -6.004815    1.046718    0.626885    
Point Group: c1    
   Energy: -846.838593575 
 A77
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for V-41 
                       Coordinates (Angstroms) 
     ATOM            X           Y           Z 
    1  C          -4.200717   -1.749201    0.003871 
    2  C          -2.899110   -1.195718    0.003343 
    3  H          -3.809906    2.102872    0.005674 
    4  C          -2.722215    0.221756    0.003849 
    5  C          -0.530101   -1.444718    0.001541 
    6  C          -1.380506    0.791458    0.003120 
    7  C          -1.734848   -2.040146    0.002517 
    8  C          -0.233298   -0.065144    0.001616 
    9  C          -1.165208    2.196612    0.003745 
   10  H          -1.857255   -3.120589    0.002482 
   11  C           2.309717   -1.758989   -0.003852 
   12  H          -6.028372    1.106631    0.006468 
   13  C           0.098499    2.717260    0.002800 
   14  H          -2.009780    2.874921    0.005010 
   15  H           0.241619    3.794419    0.003349 
   16  C           1.251000    1.885857    0.000822 
   17  C           2.548636    2.488828   -0.000774 
   18  C           1.107478    0.475029    0.000074 
   19  C           3.676056    1.729240   -0.003416 
   20  H           2.610164    3.573649    0.000250 
   21  H           4.659102    2.192389   -0.004749 
   22  C           3.593611    0.301941   -0.004646 
   23  H           5.732638    0.041667   -0.009346 
   24  C           2.314981   -0.342758   -0.002633 
   25  C           3.477277   -2.497227   -0.006850 
   26  H           1.354919   -2.278483   -0.002271 
   27  H           3.425402   -3.582053   -0.007631 
   28  C           4.728076   -1.852847   -0.009060 
   29  C           4.776452   -0.475090   -0.007823 
   30  H           5.644104   -2.436193   -0.011615 
   31  C          -5.315565   -0.937096    0.004858 
   32  H          -4.305059   -2.830887    0.003524 
   33  H          -6.310892   -1.371411    0.005186 
   34  C          -5.154742    0.461594    0.005523 
   35  C          -3.892158    1.022422    0.005044 
   
 Point Group: c1    
   Energy: -846.160022145 
 A78
Calculated DFT (UB3LYP/6-31G*) energy and X,Y,Z-coordinates for V-42 
                       Coordinates (Angstroms) 
     ATOM              X           Y           Z 
    1  H           4.806944   -1.986396   -0.013551 
    2  C           3.833331   -1.505337   -0.010787 
    3  H           4.627974    0.486208   -0.010466 
    4  C           3.733246   -0.130928   -0.009084 
    5  C           1.418122   -1.676802   -0.005554 
    6  C           2.472668    0.513678   -0.005513 
    7  C           2.658712   -2.282495   -0.008995 
    8  C           1.272012   -0.267345   -0.003506 
    9  C           2.394044    1.939256   -0.003960 
   10  H           2.726237   -3.366472   -0.010463 
   11  C          -1.466536   -1.670391    0.003656 
   12  H           0.524658   -2.295635   -0.004314 
   13  C           1.186688    2.567512   -0.000852 
   14  H           3.317850    2.511519   -0.005438 
   15  H           1.127921    3.652550    0.000286 
   16  C          -0.035139    1.825043    0.001272 
   17  C          -1.276062    2.536558    0.004308 
   18  C          -0.014425    0.409249    0.000281 
   19  C          -2.472233    1.886233    0.006593 
   20  H          -1.241330    3.622688    0.004939 
   21  H          -3.406960    2.440540    0.008823 
   22  C          -2.522127    0.459915    0.006202 
   23  H          -4.674201    0.366208    0.011172 
   24  C          -1.289183   -0.284692    0.003249 
   25  C          -2.638809   -2.364452    0.006238 
   26  H          -4.797150   -2.106996    0.011094 
   27  H          -2.668876   -3.450418    0.006489 
   28  C          -3.834457   -1.603275    0.008904 
   29  C          -3.762919   -0.225522    0.008977 
   
 Point Group: c1   
   Energy: -692.513181998 
 
 
 
 
 A79
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for V-43 
                      Coordinates (Angstroms) 
     ATOM              X           Y           Z 
    1  C           4.127450   -1.671687    0.067161 
    2  C           2.882417   -1.110714   -0.232379 
    3  H           3.615370    2.132975    0.525827 
    4  C           2.674697    0.273792   -0.077901 
    5  C           0.374423   -1.348827   -0.812835 
    6  C           1.327117    0.830538   -0.267723 
    7  H           1.969114   -2.311723   -1.767441 
    8  C           0.183655   -0.041276   -0.309670 
    9  C           1.130865    2.225843   -0.382216 
   10  H           5.813128    1.139258    0.958284 
   11  C          -2.302377   -1.680631    0.247359 
   12  C           1.737473   -1.933752   -0.757779 
   13  C          -0.138687    2.750731   -0.364760 
   14  H           1.979948    2.893490   -0.481415 
   15  H          -0.278591    3.824850   -0.459100 
   16  C          -1.290902    1.937257   -0.202428 
   17  C          -2.583605    2.548485   -0.133699 
   18  C          -1.149868    0.526806   -0.144977 
   19  C          -3.706540    1.792173   -0.003005 
   20  H          -2.646353    3.631511   -0.196842 
   21  H          -4.688371    2.256124    0.036286 
   22  C          -3.617835    0.368878    0.105288 
   23  H          -5.747595    0.099651    0.302919 
   24  C          -2.337603   -0.274400    0.060934 
   25  C          -3.461899   -2.417048    0.395944 
   26  H          -1.340598   -2.178844    0.233625 
   27  H          -3.401217   -3.493621    0.525608 
   28  C          -4.716817   -1.779898    0.406856 
   29  C          -4.787046   -0.408000    0.273639 
   30  H          -5.623020   -2.363568    0.541251 
   31  C           5.188057   -0.871087    0.478946 
   32  H           4.267671   -2.743833   -0.050237 
   33  H           6.158672   -1.312443    0.685772 
   34  C           4.996059    0.507513    0.622569 
   35  C           3.755719    1.071319    0.355828 
   36  H           1.637091   -2.869843   -0.179687    
Point Group: c1     
   Energy: -846.718477391 
 A80
 A81
Calculated DFT (B3LYP/6-31G*) energy and X,Y,Z-coordinates for V-44 
                       Coordinates (Angstroms) 
     ATOM              X           Y           Z 
    1  H           4.837893   -2.065805    0.170378 
    2  C           3.879100   -1.556935    0.126625 
    3  H           4.739176    0.403169   -0.023452 
    4  C           3.824828   -0.182994    0.018326 
    5  C           1.457977   -1.652374    0.167431 
    6  C           2.586155    0.497805   -0.031316 
    7  C           2.681834   -2.292281    0.203686 
    8  C           1.359793   -0.244122    0.018645 
    9  C           2.561581    1.924739   -0.111253 
   10  H           2.717197   -3.372889    0.308353 
   11  C          -1.364604   -1.545089   -0.474425 
   12  H           0.535716   -2.221965    0.195959 
   13  C           1.379757    2.595045   -0.116521 
   14  H           3.506317    2.460334   -0.149130 
   15  H           1.355436    3.680782   -0.153283 
   16  C           0.133861    1.890174   -0.080424 
   17  C          -1.072062    2.639903   -0.077884 
   18  C           0.093960    0.467814   -0.055666 
   19  C          -2.303290    2.037481   -0.004859 
   20  H          -0.999061    3.724238   -0.111638 
   21  H          -3.208842    2.636409    0.048060 
   22  C          -2.394889    0.630083    0.024073 
   23  H          -4.520781    0.676014    0.474381 
   24  C          -1.214436   -0.182055   -0.102075 
   25  H          -4.811022   -1.782608    0.402325 
   26  C          -3.694514    0.015869    0.221040 
   27  C          -2.706198   -2.158764   -0.281585 
   28  C          -3.860820   -1.316368    0.150102 
   29  H          -2.960350   -2.722102   -1.195640 
   30  H          -2.539712   -2.983508    0.439766 
    
Point Group: c1    
   Energy: -693.062481616 
 
 
 
